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IN LOVING ME MOST 



Eabbi AMba (in Roman captivity) to bis favourite 
pupil Simeon ben Yochai : “ My son, more than the 
calf wishes to suck does the cow yearn to suckle.” 



PREFACE TO THE NINTH EDITION 

This edition of Applied Physiology is virtually a new book ; more tban half 
the text has been rewritten and the rest has been carefully revised to reflect 
the present state of knowledge. The subject matter has been radically 
rearranged. The opening chapter now deals with the “ Regulation of the 
Internal Environment/’ a theme made classical by Claude Bernard and 
developed by many great physiologists like Sherrington, Haldane, and 
Barcroft in this country, and Cannon, Lawrence Henderson, and Van Slyke 
in the United States. The “ constancy of the internal environment ” is the 
outstanding generalization of physiology ; the first 130 pages of this book, 
which illustrate the principle by many examples, have enabled me to 
review under one heading numerous themes which are usually treated apart 
because they fall into what conventional classification treats as separate 
systems. On the cHnical side this chapter deals with many topics of 
practical importance, such as water and salt lack and excess ; tests of renal 
function ; renal failure ; acidaBmia and alkalaemia ; diabetes insipidus ; 
oedema ; blood changes in obstruction of the alimentary canal ; disorders 
of the cerebrospinal fluid. Other newly arranged chapters are those on 
‘‘ Metabolism,” “ Endocrine Control of Metabolism ” and “ Reproduction.” 

An important feature of this edition is an increase in the number of 
illustrations. About 200 new figures have been added, bringing the total 
up to 688 ; these figures have been carefully chosen, mainly from recent 
papers ; most of them have been redrawn or modified to make them more 
suitable for teaching purposes. My experience makes me doubt whether 
illustrations are adequately or properly used. Many welcome them as mere 
padding material which leaves less text on the page and enables one 
consequently to cover the ground more quickly. It is curious that though 
diagrams are studied with care, illustrations which summarize the results of 
actual experiments and so represent first-hand evidence are merely glanced 
at. I again draw attention to the Appendix (p. 1118) in which two figures 
are carefully described and analysed. It might be worth the reader’s while 
to examine many of the illustrations in the text in the same thorough way. 
The sources of all the figures are fully acknowledged in the text ; I might 
add that any paper that contains a figure worth borrowing is invariably 
weU worth reading. Professor Diamond and the Commonwealth Fund of 
New York kindly gave me permission to prepare the three new colour plates 
from the beautiful illustrations in the book by Blackfan, Diamond, and 
Leister, Atlas of the Blood in Children. 

As in the past, the references have been restricted to a few key papers 
which I have found especially useful; they will serve to introduce the 
reader to the copious literature of the subject. 

The terminology in the chapters on the Nervous System ” and 
“ Autonomic Nervous System ” with few exceptions follows that used by 
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viii PREFACE TO THE NINTH EDITION 

Eanson and Clark in their Anatomy of the Nervous System ; but tnontion 
is made in brackets of the older terms which still have a wide currency. 

When this book first appeared more than twenty-five years ago it was 
something of a pioneer venture. The point of view which it a.dvocat(Hl was 
set out in the original Preface (which has been regularly rejiriiited) and 
illustrated by the text itself. In selecting the material for discussion I have 
always had in mind the needs and interests of both undergraduat.c students 
and postgraduate readers, including those preparing for the higher exa,inina- 
tions, who wish to keep abreast with current developments in both pure and 
apphed physiology. The subject matter is presented in considiuuble detail 
because the details are needed for a proper understanding of the workings 
of the body in health and disease and are often of great practical iinportance 
in the care of patients ; but I leave it to the good sense of the individual 
reader to concentrate on his needs and to ignore what he considers to lie 
outside his field of interest. In this way he can make the book a.s long or 
as short as he wishes. 

More than ever before I am indebted to friends and colleagues for their 
help, especially to my collaborators Professor Montague Maizels and Dr. 
John B. Jepson. Professor Maizels has advised and assisted me in the 
preparation of the chapters on the “ Internal Bnvironineat ” and the 
“ Blood,” and on matters relating to Clinical Pathology. Dr. Jepson has 
rewritten the chapter on Metabolism ” and has advised and assisted me 
on matters relating to biochemistry and physical chemistry througliout the 
book; his contribution has been specially notable in the chapters dialling 
with the “Endocrines” and ‘‘Nutrition.” Dr. Cyril Eeele has helped with 
the “ Endocrines ” and “ Reproduction,” Mr. W. F. Floyd has contributed 
the section on “Clinical Electroencephalography” and has advised on 
electrophysiological matters. I gratefully acknowledge help from : Dr. 
Moran Campbell, Miss Mary Chennells, Dr. C. E. Dent, Dr. P. W. Nathan, 
Dr. Eric Neil, and Professor David Slome. Special thanks are dixe to Dr. 
I. Calma, who has been good enough to prepare the Index. 

^ The publishers, and especially Mr. 6. T. Hollis, M.A., have been unfailing 
m their kindness and^ consideration. They have agreed readily to all my 
suggestions for improving the book. They have permitted without impatience 
or hint of complaint most extensive and repeated alterations in the proofs ; 
by ■^eir indulgence I have been able to incorporate in the text references 
to the major advances in knowledge which took place while the book was 
passmg through the press and to make the consequential alterations needed 
to mamtam self-consistency. My daughter Sandra Wright devoted much 
skill 3-nd patience to transmuting a long and difficult manuscript into a clear 
and mtelhgible typescript. My secretary Miss R. Bambridge has given me 
devoted service m the long and complex task of seeing the book through the 
press. My warmest thanks are extended to them all. 

S. W. 

Middlesex Hospital Medical School, 

January^ 1952 . 



FROM THE PREFACE TO THE FIRST EDITION 


This book is based on the various courses of lectures I have given both in 
the department of Physiology in the Middlesex Hospital Medical School 
and to men working in the wards and the various departments of the Hospital. 
My aim has been to present clearly and concisely how the various functions 
of the body are performed. To economize space, no account is given, how- 
ever, of the peripheral mechanism of vision or of hearing ; otherwise, the 
ground is covered fairly completely. As the book is intended for medical 
readers, I have throughout laid emphasis on and devoted particular attention 
to those functions which are commonly deranged in disease. I have kept 
in view Dr. Haldane’s dictum, that the aim of physiology is to consider how 
the internal environment of the body is kept constant in spite of continual 
alterations in the external environment. Throughout the text numerous 
cross references have been inserted which may help to clear up doubtful 
points, and are especially intended to impress on the reader that the subject 
must be considered as a coordinated and integrated whole, and that it does 
not deal with a series of isolated and independent orpns and systems. 

I have not attempted, in the more strictly apphed sections of the book, 
to cover the ground completely, but I have selected from the mass of rnaterial 
available the problems of the greatest practical importance, and particularly 
those which are, perhaps, not so fully discussed in text-books of pathology 
or medicine. 

I must confess to have paid some attention to the requirements of the 
various examining bodies. The physiological sections may prove useful 
to men reading for the second M.B. examination of the various Universities, 
and in particular I hope it will be helpful to men preparing for the Primary 
Fellowship examination of the Royal College of Surgeons. The^ applied 
sections may be found helpful by men reading for their final examinations, 
and perhaps even for the higher examinations of M.D. or M.R.C.P. 

It seems to me unfortunate that in the teaching of physiology greater 
use is not made of the wealth of clinical material present in the wards of 
the Hospitals, which could readily be made available. The main facts of 
the physiology of the nervous system and the ductless glands, at any rat^ 
could thus be clearly demonstrated ; and the interest of the student would 
be aroused when he finds that he is considering in his physiological stu(hes 
the same patients that he will have to deal with when doing his climcal 
work. This is the method I have adopted whenever possible m this book. 
In considering the cerebellum, for example, a full account is ^yen of the 
symptoms and signs of lesions to this structure in the human subject, llus 
enables the student of physiology to draw his conclusions concermng the 
functions of the organ, and at the same time familiarizes him with the chmcal 

iSL 



X 


FROM THE PREFACE TO THE FIRST EDITION 

aspects of disorders of the cerebellum. If a course of demonstratious sucli 
as I have suggested became an integral part of all courses in physiology, 
the medical student would enter on his clinical studies with a inucli vsoundor 
knowledge of the practically important parts of the subject, and with at 
least an elementary knowledge of medicine. 


Middlesex Hospital Medical School 
September^ 1926 . 


s. w. 
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I 

REGULATION OF CONSTANCY OF INTERNAL 
ENVIRONMENT [MILIEU INTERIEUR] 

THE INTERNAL ENVIRONMENT (MILIEU INT^RIEUR) ^ 

Internal Environment (Milieu Interieur.): — Claude Bernard pointed out 
that the external environment of the organism as a whole, e,g. atmospheric 
air in our own case, is not the external environment of the individual cells 
of the body. The cells are carefully insulated from the general external 
environment and are bathed by the fluid in the minute spaces between the 
cells — the so-called tissue or interstitial fluid. Interstitial fluid can normally 
be collected only with great difficulty ; fortunately, however, its crystalloid 
composition is almost identical with that of plasma which is easily obtained 
for analysis. It is customary in fact to use plasma analyses as a guide to 
variation^ in the composition of the interstitial fluid. Claude Bernard called 
the interstitial fluid and the plasma the internal environment {milieu interieur).'^ 
He emphasized that in spite of the very wide range of variation that occurs 
in the composition of the external environment, the internal environment by 
contrast is kept remarkably constant as a result of the intervention of many 
compensatory mechanisms. The way in which the constancy of the internal 
environment is maintained with respect (for example) to acid-base equili- 
brium, osmotic pressure, concentration of individual solutes or of ions (sugar, 
Na+, K"*", Ca++), and temperature is one of the most important problems 
of physiology. The constancy of the internal environment is not absolute ; 
under normal conditions slight variations occur as with all so-called physio- 
logical constants.’’ If the stresses imposed on the system become too great 
the composition of the internal environment may alter significantly, often 
with disastrous effects, Claude Bernard pointed out that the constancy of 
the composition of the milieu interieur is the condition of a free life.” If 
by a free life ” is meant vigorous and effective activity of the organism as 
a whole, the aphorism is extremely apt. Thus a deviation of H+ ion concen- 
tration from the normal ^H of 7*4 to 7*0 or 7*8, a change of serum calcium 
from 10 mg. to 5 or 15 mg-%, a change of blood sugar from 100 to 30 mg-% 
may cause loss of consciousness and the danger of imminent death. 

Living cells are always undergoing change, but to survive and function 

1 Claude Bernard, Introduction to the Study of Experimental Medicine (English transla- 
tion), N.Y., 1949. Olmsted, Claude Bernard, physiologist, N.Y., 1938. Barcroft, Archi- 
tecture of Physiological Function, Cambridge, 1934. Cannon, Wisdom of Body, N.Y., 1932. 
Sherrington, Man on his Nature, Cambridge, 1951. Sunderman and Boemer, Normal 
Values in Clinical Medicine, Philadelphia, 1949. 

2 “ Qu’est-ce que ce milieu interieur ? C’est le sang, non pas a la v6rit6 le sang tout 
entier, mais la partie fluide du sang, le plasma sanguin, ensemble de to^ liqmdes 
interstitiels, source et confluent de tous les eohanges elementaires.” (Claude Bernard.) 
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normally their integrity in all respects, their form, chemical composition 
and chemical organization must be constantly and fully rt‘sk)rcd ami pre- 
served. Cells maintain the composition of their organic coastituents not by 
inacti^ty but by ceaseless activity. Innumerable enzymes are constantly 
breaking down all the organic cell constituents, botli large a.nd small ; on 
the other hand synthetic enzymes are constantly making good this (diemituil 
erosion ” by rebuilding the cell structure from the components of the diet 
and from cellular debris. The stability of the living cell is a dynmnic one, 
resulting from the establishment of a balance between ^tlic breakdown and 
repair reactions. The most comprehensive generalization of j)hysiology is 
that the organism reacts to environmental changes (internal or external) in 
such a manner as to preserve the integrity of the whole organism and of its 
constituent parts. 

The fluid inside the tissue cells is called the intracellular Jluid ; when its 
composition is compared with that of the surrounding medium (the inter- 
stitial or extracellular fluid) marked differences are revealed (p. 5). To 
maintain the characteristic pattern of its electrolyte content the cell must 
use energy which is derived from catabolic processes (p. 8). In order that 
a cell may function normally it must maintain the constancy of its own 
internal “ private ” composition and also be bathed in a surrounding fluid 
of utterly different composition which also must be kept approximately 
constant. Thus, if the ITa+ ion concentration in the interstitial fluid is 
decreased, the excitability of nerve fibre and skeletal and heart muscle 
diminishes ; in the absence of interstitial Na+ ions, excitability disappears. 

The body then is a highly sensitive, highly efficient self-regulating and 
thus self-preserving mechanism ; it automatically preserves the constancy 
of its own private internal world in the face of the widest variations in the 
character of the outside world. But with the development of intelliyence, 
man need no longer depend exclusively on his inborn unconscious reactions ; 
he can devise new supplementary protective methods. Thus he helps to 
maintain the constancy of body temperature at the North Pole and Equator 
by attending to such matters as clothes and shelter ; in conditioned ** 
houses he can even provide for himself the external environment most 
congenial and convenient to his body and mind. At high altitudes he can 
overcome the effects of oxygen lack {anoxia) not only by automatic physio- 
logical reactions but also by deliberately providing himself with a supply of 
pure oxygen or by encasing himself in a pressurized chamber in which the 
atmospheric conditions present at sea level are maintained. 


BODY WATEE AND BODY FLUID. GENEEAL SUEVEY 
OF WATEE AND FLUID EXCHANGES ^ 

«« X ^ constituent of tlie body ; about 

65-70 /o of lie total body weight consists of water. The body of a man 
weighing 70 kg. th^ cont^s about 60 L of water. The water content of 
most tissues is 70-80%, the skeleton being the principal exception with a 
water content of about 20%. It is a httle surprising that bones should 
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contain even so much water, but it must be remembered that one-third of the 
weight of a fresh bone consists of organic material dissolved in water (the 
inorganic salts constitute the other two-thirds). 

Body water is found : 


(i) inside the cells — intracellular water ; 

(ii) outside the cells — extracellular water. The extracellular water is 

further subdivided into : {a) water in the plasma ; (6) inter- 
stitial U}atef, present in the cracks and crevices (tissue spaces) 
which lie between the tissue cells. Additional minor divisions 
of the extracellular water are : lymph (in the lymphatic vessels), 
cerebrospinal fluid, and aqueous humour (in the anterior chamber 
of the eye). 



INTESTINES 


-H- 


X 




SKIN 


LUNGS 


BLOOD PLASMA _ - 
S%B0DYWb. 

I I KIDNEYS 


INTERSTITIAL FLUID 
15% BODY Wt. 


H 

INTRA-CELLULAR FLUID 
50% BODY Wb. 


Fia. 1. — ^Diagram showing Principal Compartments 
of Body Pluid and Main Pluid Exchanges that 
take place in the Body. (After Gamble, 

Extracellvlar Fluid, Harvard University Press, 

1949.) 

Approximate quantitative data for a man weighing 70 kg. and for one 
weighing 60 kg. are summari^ied below (see also Pig. 1) : 


Total body weight . 

. 100% 

70 kg. 

60 kg. 

Total body wal5r . 

. 70% 

50 L 

42 L 

(i) Intracellular water . 

. 50% 

35L 

SOL 

(ii) Extracellular water. 

• 20% 

15 L 

12 L 

(a) plasma . 

. 5% 

3-5 L 

3L 

(6) interstitial water . 

. 15% 

11-6 L 

9L 



WATER EXCHANGES 


Water Intake and Water Loss.— Body water is constantly carrying 

out exclianees with the external environment (Fig. 1). 

(1) Water is normally absorbed into the body Irom the hoivel ; it can 
also be introduced artificially, e.g. by subcutaneous or intravenous 

injection. i. i j 

(2) Water is eliminated from the body : 


(i) via the kidney in the urine ; , a /r\ • 

(ii) via tbe shin (a) in so-called insensible perspiration and (b) in 

sweat ; 

(iii) via the lungs in the expired air ^ • i ^ i.- 

(iv) to a minor degree via the large intestine m the faeces, m lactating 

women in the milk (and from time to time in the tears). 


(3) It must also be remembered that water is constantly being formed 
in all tissues as an end-product of the oxidation of the foodstuffs. 

Approximate quantitative data (both average and range) for these 
exchanges per day are as follows : 

Wafer iniahe: as water, 1500 c.c. [range : 0 to several litres per hour] ; 

in food, 1000 c.c. [depending on composition of diet] ; 
from oxidation in tissues, 300 c.c. 

Water loss: in urine, 1500 c.c. [range : under 20 c.c. to over 1200 c.c. 
per hour] ; 

. , . /insensible perspiration [constant at 600-800 c.c.] 

via slmi [range : 0 to nearly 2 litres per hour] ; 

via lungs, 400 c.c. ; 

in faeces, 100 c.c. [increased in diarrhoea]. 


Over a reasonable period of time water intake and water loss must be equal 
if the normal water balance is to be maintained. Water intake can be 
reduced to nothing, the only source of water then being the small volume 
formed during the oxidation of foodstuffs. Water loss, however, cannot 
normally be reduced to the same degree ; thus 

(i) insensible perspiration from the skin and water loss by evaporation 
from the lungs never fall below about 1000 c.c. per day ; and 
(h) a minimal flow of urine of about 400 or 500 c.c. per day is needed 
for the excretion of waste products. 

Excessive water loss produces dehydration, and excessive water retention 
produces hydration ; lowered water content of the blood is called anhydrcsmia 
and excessive water content hydrcemia. 

Body Fluid. — Body water plus its dissolved solutes is called body fluid. 
Body fluid can be regarded as lying in three compartments (Fig. 1) : 

(i) the intracellular fluid which is bounded by the membranes of the 

individual cells ; 

(ii) the plasma which is bounded by the walls of the blood 

vessels, and specifically in the capillaries by a thin-walled 
endothelium ; 

(iii) the interstitial fluid (tissue fluid) which is separated from the 

intracellular water by the cell membranes and from plasma by 
the capillary endothelium. 
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Composition of Body Fluids. — Considered initially in a simplified way, 
'plasma consists of water, dissolved crystalloids (the chief being NaCl) and 
dissolved colloids (mainly protein, about 7-8%). Interstitial (tissue) flu id 
has approximately the same crystalloid comp osition as plasma but its protein 
content is small/ Intracellulaf~y!uid l^^ different composition : 

in many cells ifTjontaiiis little or no or. Cl' ; the principal cation is K"*" 



PLASMA FLUID FLUID 

Fig. 2. — Concentrations of Constituents of Plasma, Interstitial 
Fluid, Tissue Cells and Red Blood Co^uscles. (After 
Gamble, Extracellular Fluids Harvard University Press, 
1949.) 

Concerdraiions are expressed in milliequivalents per litre of water. 'Non- 
Elect. =non-electrolytes ; HP 04 »= inorganic phosphate; XHPC^= 

organic phosphate ; Org. A =* organic acids ; Und.=und.etermined ; P= 
plasma protein; A.T.P.=* adenosine triphosphate; Diph. Glyc.^ 
diphosphoglycerate ; Hb= haemoglobin. In each box diagram the left- 
hand column depicts cations, the right-hand column anions. 


(and some Mg++) : the principal anions are organic phosphate (X!K 04 ")» 
bicarbonate (HCOg'), and sulphate (SO^'") ; it contains far more protein than 
plasma ; in muscle fibres, for example, the protein content is about 20%. 
The concentrations of the constituents of the body fluids are compared in 
Fig. 2 ; the values are expressed per litre of water. The Table on p. 6 gives 
the composition of plasma; the values are there expressed per L or per 
100 c.c. of plasrm (93% of the plasma and 70% of the red cells is water) 
(cf. p. 8). 

1 The composition of cerebrospinal fluid is set out in detail on p. 119. 
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INTERNAL FLUID EXCHANGES 


Composition of Plasma^ 


Base Acid 


Na+ 

m.Eq./L 

143 

mg./lOO c.c. 
330 

HCO 3 ' 

m.Eq./L 

27 

mg./lOO c.c. 
1G5 

K+ 

5 

19-5 

cr 

103 

365 

Ca-H- 

5 

10 

HPO/ 

2 

3-5 

Mg++ 

2 

2*5 

so/ 

1 

1*5 

165 


Organic Acid 6 
Protein 16 



155 


Internal Fluid Exchanges. — ^In addition to the exchanges between 
the body and the external environment referred to above there is a much 
vaster internal turnover of water : 

(i) Water is secreted m large amounts (about 8-9 L per day) by the 
digestive glands (salivary glands, stomach, pancreas, liver, small intestine) 
from the blood into the lumen of the bowel whence it is completely reabsorbed 
in^ the blood (almost entirely in the small intestine), apart from the very 
trivial loss in the faeces. 

(ii) A constant large-scale to and fro interchange is always taking place 
between the plasma (in the vascular compartment) and the interstitial fluid 
(in the tissue spaces). 

(iii) In the kidney some 170 L of water are filtered out in the 24 liours 
from the glomerular capillaries into the capsules of Bowman to pass down 
the renal tubules whence it is almost completely reabsorbed into the blood 
agam, apart from about 1500 c.c. which are passed out as urine. 

(iv) Smaller scale exchanges are taking place between the blood and the 
cerebrospinal fluid or the aqueous humour. The principal internal turnovers 
can be summarized thus : 


Bowel: blood->digestive glands->-lumen of bowel->blood. 

Kidney: hlood-^glomerular capfllaries-^-Bowman’s capsule (glomerular 
filtrate~>down renal tubule->blood. 

Capillaries: blood->-tissue fluid<f , 

^ . , - _ _ . ^ iymphatics->blood. 

Bram: blood->choroid plexuses-^cerebrospinal fluid-^blood. 


Compartments— This question 
wjU be dealt with more My later but must be touched on here. 

^ l™sTiT^ Flotd.— The capillary endothelium intervenes 
T endothelium is freely permeable to water and 

conditions of equiUbrium therefore the 
^ ^ plasma and interstitial fluid is roughly 

oapmary membrane is almost completely 
contains 7.^o/o of protein while interstitial 
presence of lomzed protein molecules in the 
S^tSiS “ «leo*^l 7 te composition, between plasma 

d mt^taal fluid (the so-called Dorman eqvMmvm). In abnormal states 
The meaamig of m.Eq./L (miffieqtuvalents per Utre) is explained on p. 12 



PERMEABILITY OF CELL MEMBRANES 


7 


the permeability of the capillary endothelium is increased and then larger 
concentrations of protein escape into the interstitial fluids. 

Interstitial Flijii) and Intracellular Elthd.^ — Permeability of Cell 
Membranes. — The properties of the membranes enclosing tissue cells and red 
cells have been studied in great detail but our knowledge of the subject is 
still incomplete. The chief findings are as follows : 

(i) The cell membrane is freely permeable to water. 

(ii) It is — and has to be if the cell is to live at all — ^freely permeable to 
food materials such as glucose, acetoacetate and amino-acids which pass 
in, and products of metabolism like urea, which pass out. Some metabolites 
like lactate may move in or out of the cell under different circumstances. 

(iii) The cell membrane is presumed to be impermeable to protein ; but^ 
in the case ot tne live r, protem can undouFtedly move in and but of ^e * 
ceils to regulate 9^e plasma protein concentratiop fcf. p. 138). 

” (IV) Xlie ceil Membrane is impermeable to organic phosphate anions 
(represented as XHPO^^, where X is the organic radical, e.g. in adenosine 
triphosphate) ; it is permeable to inorganic phosphate ions. The tissue cells 
(and red cells) are rich in organic phosphate which is thus locked away ” 
within them ; the plasma and interstitial fluid only contain small amounts 
of inorganic phosphate. 

(v) The red cell membrane is freely permeable to other inorganic anions, 
e.g. chloride and bicarbonate (cf. p, 419). Tissue cells (unlike red cells) contain 
no chloride although the interstitial fluid is rich in chloride (Fig. 2). It is 
alleged that tissue cell membranes are impermeable to chloride ; the true 
explanation may be that the chloride is actively extruded by the cell as is 
known to be the case for sodium (infra). More information is needed on this 
subject. 

(vi) Tissue cells contain little or no sodium; red cells contain some 

sodium but in far lower concentration than does plasma. Tissue cells and 
red cells are rich in potassium, the concentration far exceeding that in 
plasma. It was thought in the past that cell membranes were impermeable 
to cations and thus to sodium and potassium. This view is incorrect, as 
shown by the following observations. . 

(а) Studies with radio-active isotopes show that Na+ and K+ move freely! 
in and out of red cells in the circulating blood. 

(б) During the activity of nerve fibres Na+ leaks in and leaks out of 
the fibre ; these movements are reversed during the recovery process (p. 485). 

(c) Eed cells stored in the cold outside the body lose K+ and gain Na-^ ; ' 
after reinjection into the circulation they expel the newly added Na+ and 
regain K+. It will be shown that living red cells by using energy derived 
from metabolic processes actively maintain their normal, characteristic 
cation pattern which is so different from that of the surrounding plasma. 
When red ceU metabolism is depressed, or ceases, the cations move passively 
with the concentration gradient, i.e. the red cells then lose K+ and gain Xa^. 

These phenomena are discussed more fully below. 

Cation Changes in Stored Blood. — Samples of blood treated as shown 
in the Table (p. 8) were examined, (i) In fresh blood the red cell cation consents 
are K+, 100, and Na+, 12, m.Bq. per litre of red cells ; since the cells contain 
about 70% of water, the amount of K+ in cell water, i.e. the concentration of 

1 Ussing, Physiol. Bev., 1949, 29, 127 (transport of ions across cellular membranes). 
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CATION CHANGES IN STORED BLOOD 


K+ (usually writtexx [K+]) is 144 m.Eq.^ ; [Na"^] is 17 ; 1 Na* | is KU 

In plasma, [K+] is about 5, and [Na+] is about 145 ui.E<j./L of plastna. 
plasma contains about 93% water, plasma [K+] is 5 a,n<l fNa/' |, 155 
of plasma water. Total [K++Na+] is 160. Tt will bo noted that oolls uiu] 
plasma are in osmotic equilibrium. (Table, (1).) 


TABLE (Data IVom Maizcla). 





Cells. 



Plasma. 



Volume. 

it*" 

Contents 
m.Eq./L 
of cells. 

Concentration 
m.Eq./L of 
cell water. 

' 

Contents 
m.Eq./L 
of plasma. 

Concentration 
m.Eq./L of 
plasma water. 

(1) 

85 

K+ 


[K+l 

[Na+] 

K+ 

Na-^ 

[K+1 

[Na-^1 

100 

12 

144 

17 

5 

145 

r> 

inr) 

132 

(2) 

89 

70 

45 

99 

63 

24 

123 

20 

(3) 

97 

60 

62 

81 

83 

30 

112 

33 

123 

W 

86 

92 

20 

131 

29 

10 

139 

11 

148 


Treatment of blood. 


1. Freshly drawn blood. 

2. Cold-stored for 7 days ; no glucose added. 

3. Blood treated as in (2) and then incubated at 37" C. for 18 hours {no glucose added). 

4. Blood stored as in (2) and then incubated at 37" C. for IB hours (glucose added). 


, (ii) If fresh blood is cold-stored, red cell metabolism is reduced to a 
a result tbe cations flow with the concentration gradients, 
falhng and Na+ rising. As the latter proceeds more rapidly 
than the former, total ce][ base (N'a++K+) increases ; because of the increased 
rntraceHular crystalloid osmotic pressure, water flows into the cell (Table (2)) 
and the ceh volume rises from 85 to 89 in 7 days ; because of this movement 
ot water, the catzon comxnMions m cells and plasma still balance. If the 
^ meubated at body temperature without added qlucose, 
the blood glimose is soon used up and red.cell metabolism ceases. The process 
of pasave ^sion of Na+ mto, and of K+ out of, the cells with the res peSi^e 
^adients, is speeded up by the rise of temperature. Total ce.ll 
volume, therefore, increase further although total cell and 
gasma base (cation) concerUrattons stiU remain approximately equal (Table, 

F’ is added to the cold-stored blood and 

Sdrttion cell metabolSm is 

s although extet?-.?^^^^^^^^^ 

j is mitiauy m.Iiq./L ; cell [K+] rises, e.a. from 99 to ISl m Vn /T • 

nXraiL'ii,''** ? “• 
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cell is supplied by metabolizing glucose ; mannose and fructose will also 
serve, but not galactose or other sugars. The process is not inhibited by 
cyanide or carbon monoxide and so is independent of the cytochrome 
mechanism and of respiration ; but it is inhibited by sodium fluoride and 
iodoacetate and so depends on energy supplied by glycolysis, i,e. the break- 
down of glucose to lactic acid which can take place in the presence, or 
absence, of oxygen. Thus although human red cells have a negligible level 
of respiration they can obtain energy for cation transfer from glycolysis. 

In the recovering red cell, the energy is used primarily to expel the Na+ 
(which has entered), out of the cell into the interstitial fluid. As a result of 
this process, the physical conditions within the cell are changed in such a 
manner as to permit the intracellular protein and organic phosphate anions 
to attract K+ into the cell from the interstitial fluid against the concentration 
gradient. In normal red cells, circulating in the plasma, the constant 
tendency of Na+ to enter is overcome directly by the energy liberated in the 
cell, and secondarily the cell K+ is retained. It is probable that the cation 
pattern of other tissues is maintained in the same way. Thus the distribution 
of K”*" and Na+ in muscle and nerve fibres is similar to that found in human 
erythrocytes ; its normal maintenance likewise depends on active cation 
transport and probably on glycolysis. 

Glycolysis, which is a less effective source of energy than respiration, 
releases enough energy to enable a ceU to maintain its own cation pattern. 
But when a cell is also engaged in mediating active ionic transport on behalf 
of other tissues, glycolysis does not supply sufficient energy ; thus the renal 
cells which also have to transfer ions from the lumen of the renal tubule into 
the blood often against the concentration gradient so as to maintain the 
electrolyte pattern of the whole body, must respire to obtain enough energy 
for this work ; if the cells are poisoned with cyanide active ionic transfer 
ceases (p. 29). 

Determination of Volume of Water in the Various Body 
Compartments.^ — The principles underlying the methods of determining the 
volume of plasma, interstitial fluid, and intracellular fluid are simple. 

Plasma Volume. — (1) Dyestuff MethodJ^ — To determine plasma volume 
a non-toxic dyestuff which is easily identified and readily determined quantita- 
tively is injected intravenously. The ideal substance after intravenous injec- 
tion should (i) not penetrate into the red blood cells, (ii) not leak out through 
the capillary endothelium into the tissue spaces, and (iii) be rapidly and 
uniformly distributed throughout the entire circulation. The degree of 
dilution of the dye is a measure of the plasma volume. The dye Evans’ blue 
(T1824) has very approximately these properties ; it is retained in the circula- 
tion because it is bound with serum albumin. The results given by this 
method tend to err on the high side. 

(2) Radio-iodine-plasma-protein Method,^ — 5 mg. of iodine containing a 
trace of radio-active isotope (either half-life 13 hours or half-life 
8 days) are added to 50 c.c. of plasma in vitro ; the iodine combines with the 
plasma protein. The treated plasma is injected intravenously ; the degree 
of dilution of its radio-activity is a measure of the plasma volume. The 

1 See Methods in Medical Research^ 1951, 4, Section II, N.Y. 

* Noble and Gregerson, J, din, Investig., 1946, 25, 15A 

® Fine and Seligman, J. din, Imestig,, 1944, 23f 720, 

I* 



determination of IlKI) CKIA. VOIJ^MK 


method is based on the relative im])ermeHbility of tho rapillary 
to plasma protein.^ . - , 

Red Cell Volume.— (1) From Plasma I olamr aad ihrmnUu'nt I 
The relative volume of plasma and corpusclos is def^’rrniiuul by <MM)trifup;ing 
oxalated blood in a graduated tube (hxrmatocrit) ; rorjMisrlrs sink to the 
bottom and are closely packed together, the plasma rises to the top; the 
volume of the packed red cells and of the supernatant plasma is read off. 
The average normal findings arc that lUD c.e. of blood contain lb e.e. of rgj 
cells and 55 c.c. of plasma. If the total fdnsma volume and the ratio of red 
cell/plasma volume are known, the total red cell \mlium» can cahndatei 
Thus if the plasma volume is 2750 o,c. and the red eel!/j>lasma volume ratio 

is 45/55, then the total cell volume is 2750 e.e. The ealcuhitioa 


assumes that the cell/plasma ratio in the blond in a, ////y/e rma {thc^ blood 
usually examined) is the same as in the blood volunn^ as a This is, 

however, not the case; when the cell volume is del(*rmin<‘d diretdly {h[fm) 
and is compared with plasma volume, the cell volume is found to he \m 
in the ratio of 0*85/1 than that calculated from the plasma, volmne deter- 
mination and hsematocrit findings.^ This means that tlm blofjd in the small 
vessels contains relatively /ew;cr colls than the blood iii the main vessels. If 
the ceU/plasma ratio as determined in blood from the main arteries and veins 
is represented as 1, then the relative coll content elsewlu^re is : moditim vessels 
0*92 ; whole body blood 0*85 ; minute vessels (arterioles, capillaries, venules) 
0*68 ; liver vessels about 1 ; spleen vessels over 1 . 

(2) Direct Red Cell Volume Determination usint^ Two tuseful 

radio-isotopes (p. 209) of iron are available : "‘'‘Kc*, half-life 47 days, omits 
y- and jS-rays ; half-life 5 years, omits X-rays. Ferric animonium 

citrate equivalent to 1 mg. of Fe, with a traa* of its irori as tht‘. radio-active 
isotope ®®Fe* or ®®Fe*, is injected intravenously int/O a std>je(‘t (called the 
donor) who should belong to Group 0 and bo Rh m^gahivc. The radio-iron 
is taken np by the red bone marrow of the donor and is used in the manu- 
facture of new red cells. A measured volume of the dotmr’s bh>od i,s with- 
draw and the radio-activity of a cell sample is deterndm^d ; the, tionor’s 
radio-active blood is then injected into a recipioiit whose <’eJl volume is to 
be measured. The injected tagged ” (radio-active) rfsl tadls are thoroughly 
mixed up by the circulation with the recipient's c.olls. A specimen of the 
recipient’s blood is withdrawn and the degree of dilution of rndio-activifey 
in a cell sample is determined ; from this the degree of dihitit)n of the injected 
red cells by the recipient’s red cells and thus the recipi<mt’s red cell volume 
determined. The most reliable expression for the rati<^ of red cadis to ])hisma 
m the entire blood volume is 


red cell volume determined by nid iQ-F(!i 
plasma volume determined by radio-i^^dxnu. 

Extoacellui^ WATEE.—Ideally this volume could bo dcitermined by 
measurmg the degree of dilution of a non-toxic substaac.e witli these 


matter of fact 10-25% of the proieiti cHcapos 

* ^be same rate at which the blue ciy« oHoapes)! 

Gibson et al., J d%%. Investig,, 1946, 25, 848. 

Gibson etal,,J. din, Investig., 1946, 25, 606, 616, 
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properties : call" ]p^is1&eSy^Hrbu^ endotheliiini and 

become uniformly distributed throughout the extracellular water ; (ii) it 
cannot pass through the cell membranes ; (iii) during the mixing period it 
is neither metabolized nor excreted. Radio-active Na p^Na*] or 01 [^®C1*] 
(given as NaCl) may be used; but even these ions penetrate to a small 
extent into certain tissue cells and so give values for the extracellular 
water which are too high. If the volume of the extracellular water and the 
plasma are known, the volume of interstitial water can be derived by 
subtraction. 


Intbaoellulab Wateb.— To determine this volume, total body water 
must be determined by administering a substance which diffuses freely 
throughout the water of the body, t.a. it must be able to pass through all 
cell membranes (as well as through the capillary endothelium). The only 
known substance with the necessary properties is heavy water (D2O), i-e. 
water in which the ordinary H atoms have been replaced by deuterium (D, 
heavy hydrogen, of atomic weight 2). Heavy water in the concentrations 
used in such experiments has the same properties as water and like water 
moves freely into and out of cells.^ If total body water is known, on subtracting 
extracellular water the volume of the intracellular water is derived. 


SOME ELEMENTARY CHEMICAL AND PHYSICO-CHEMICAL DATA 

REVIEWED 2 

It is essential to have a clear understanding of the following terms : 

Electbolytes. Ions.— All acids, bases and salts (electrolytes) in aqueous 
solution dissociate to a varying extent into electrically charged particles 
called ions. Thus, in the body fluids NaCl does not exist as the molecule, 
but as positively charged Na ions (Na+) and negatively charged Cl ions (Cl'). 
Similarly, NaHCOg dissociates into Na*^ and HCO3'. In an electric field all 
positively charged ions (H+ and the so-called basic radicals, e.g. Na+, 
K'*’, NH4+, Ca++, Mg++) move to the negative pole or cathode, and are 
therefore called cations ; all negatively charged ions (OH' and the so-caUed 
acid radicals Cl', HCO3', HPO/, SO/) move to the positive pole or anode, 
and are therefore called anions. At the slightly alkaline reaction of the body 
fluids the proteins exist as salts (i.e. combined with bases), e.g, in plasma as 
Na Proteinate which ionizes into Na+ and an enormous acidio anion, 
Proteinate' (p. 134). 

It is important to consider the behaviour of the individual ions separately 
(and not in terms of the salts from which they are derived) as the concentrations 
of any ion may vary independently of the others. Thus the concentration 
of Na+ and Cl' may vary independently of one another. Certain of the 
organic solutes in the body fluids are un-ionized ; e.g. urea and glucose exist 
as the molecules and are thus non-electrolytes. 

Molab Solution. — A molar solution contains the molecular weight of 
the substance expressed in ^ammes (g.) dissolved in 1 litre (L). Thus a 
molar solution of NaCl (atomic weight of Na is 23 ; of Cl is 35*5 ; molecular 
weight of NaCl is 58*5) contains 58*5 g. of NaCl per L. 

1 For teohmque see Sohloerb et oZ., J. din. Inveatig.y 1950, 29, 1296. 

•Davaon, Gmerdl Fhyddogy, London, 1961 (ftUl treatment of phyEdco-chemioal 
aspects of physiology). 



EQUIVALENT WEIGHT 


Valency.— A monovalent atom or radical (e.g. Na+, K’ , ; OH', Cl') 

combines with or displaces one atom of hydrogen ; a divalent at.orn or radical 
(e.g, Ca++, Mg++ ; SO/), combines with or replaces two, and a trivalent three, 

atoms of hydrogen. . , „ i . 

Equivalent Weight.— The gram-equvvalent weig/ft (loosely nderred to 
as the '' equivalent weight ’’ or the “ equivalent of a rea(d.ive unit (atom, 
ion, molecule) is the weight in g. which combines with or disphures 1 g. of 
hydrogen. Thus the equivalent weight of monovalent units (Na» , K ' , OH', 
Cr, NH 4 +, NH 3 , etc.) is equal to their unit weight (atomic-, ionic-, molecular- 
weight) ; the equivalent weight of divalent units (Ca*^-^, SO./, H 21 ^^ 04 ) 

is half their unit weight. The equivalent weight of any unit combines with 
or replaces the equivalent weight of any other appropriate unit, 'riuis 23 g. 
of Na+ 39 g. of K+, or 18 g. of NH 4 + mutually replace one another in salts, or 
combine with 35-5 g. of Cl', 48 g. of 804 ", or 61 g. of HCO 3 ' ; the weights 
mentioned above are chemically equivalent (hence the term equivalent). 
One equivalent of A will combme with or replace one equivalent of B what- 
ever the valencies or unit weights of A and B. By expressing the concentra- 
tion of units in terms of equivalents we eliminate the factor of difference in 
the weight of the individual units and can compare the relative mmihcr of 
chemical combining units concerned. This device is made use of in expressing 
the concentration of H+ and OH' ions when the acidity or alkalinity of a solu- 
tion is being described. As the electrolyte concentrations in the body fluids are 
low it is customary to express them as milliequivalents (m.Eq.). 1 m.Kq, is 
one thousandth of a g. equivalent per litre ; i.e. to convert equivalent into 
milliequivalents multiply by 1000. Thus a solution containing 23 g. of Na+ 
per L=1 Eq. per L=1000 m.Eq. per L. 

As ionic and electrolyte < oncentrations are more generally expressed as 
weight per volume, one must be able to convert concentrations expressed 
as mg. per 100 c.c. into concentrations expressed as m.Eq. per L. The 
following conversion table (Gamble) shows how the calculation is carried out. 

The general formula used is : value in m.Eq./L=mg. per 100 c.c.X lOx 
(V-J-A) (where 7= valency ; A= atomic weight). 


m.Eq./L 

Na+: 
K+: 
Ca++ : 
Mg.++ : 
Cl': 
HPO 4" 

SO4" : 


mg. 


per 100 c.c.X 10-23 (V=l) 
^39 (V=:l) 


X (2-^40) (V=2) 

X(2^24) (V=2) 

^35*5 (V=l) 

X(l*8^-f-31) (V=1'8) (expressed avS P) 
X (2-^32) (V=2) (expressed as S) 


It is customa^ to express the concentration of carbonic acid (H,CO,) and 
of bicarbonate (BHCO3) blood not as a mass {i.e. a weight) but as the 

tie plasma the inorganic phosphate is 20% in the form of BH.PO. (oontaininu 
one Eq. of base (B)) and 80% in the fo?m of B^. (containing two Eq. of ® 

““zes into B+ and H.PO/ (univalent). <■ 

BaHPO. ionizes into 2B+ and HPO*' (divalent). 

S^Po''“th?^n?W ^ 1^0 body fluids is always represented as the divalent 
lorm hji-u. , the virtual valency is IB t.e. (0-2xl)+(0-8x2)). 
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volume of OOg (measured at N.T.P.) whicli the HgCOg or BHCO3 would give 
off after acidification in a vacuum. These vols. of CO 2 per 100 c.c. blood are 
converted into m.Eq. per L by dividing by 2-22. 

Thus 3 vols. per cent, of COg as H2C03=3-^2-22=14 m.Eq./L 
50 vols. per cent, of COg as BH[CO3=50~^2'22=22*7 m.Eq./L. 


PHYSICAL FACTORS INVOLVED IN FLUID AND ELECTROLYTE 

EXCHANGE 


Before considering in detail the movement of water and dissolved sub- 
stances (solutes) between the various compartments of the body certain 
physical considerations must be recalled. 

Filtration. — By filtration is meant the passage of water and dissolved 
substances through a membrane owing to a difference of hydrostatic pressure 
on the two sides of the membrane. This difference of pressure is termed 
the filtering force. The fluid which passes through is termed the filtrate, 
and consists of water and any dissolved substances to which the membrane 
is permeable. Filtration characteristically occurs in the capillaries where 
the capillary blood pressure drives a more or less protein-free plasma out of 
the blood vessels. 

Properties op Membranes.— Membranes differ very much in permea- 
bility, i.e. in the size and kind of molecule which is allowed to pass through 
them. Certain artificial membranes only let through water, but are im- 
permeable to all dissolved substances, e.g, the well-known copper ferrocyanide 
pot ; ^ such’ membranes are called ‘‘ semi-permeable.'’ ^ 

(i) The membranes of the tissue cells show the peculiar differential 
permeability fully discussed on p. 7. 

(ii) The capillary endothelium (p. 6) is freely permeable to all the 
dissolved crystalloids (as well as water), but normally it is more or less, com- 
pletely impermeable to protein and similar large colloidal particles. In the 
glomeruh of the kidney proof is available that a fluid is filtered through the 
capillary wall which is identical in composition with plasma but minus its 
protein and fat. Damage to the capillary wall increases its permeability to 
protein ; badly damaged capillaries allow whole plasma (with all its protein) 
to escape ; in graver injuries the corpuscles pass out too. 

Diffusion. — This is the movement of solutes across a membrane 
separating two fluids under the same hydrostatic pressure but containing 
different concentrations of the solute. Thus glucose, urea, Na"^, Cl will 
diffuse from a region of high to a region of low concentration. 

Osmotic Pressure. Osmosis.— These terms are difficult to define but 
are readily illustrated by reference to an experiment. If a strong glucose 
solution is placed inside a copper ferrocyanide pot (which is permeable to 


1 Copper ferrocyanide is produced when copper sulphate comes into contact with 
potassium ferrocyanide ; the precipitate can be formed in the pores of a porous pot, 
which is a convenient support for it, by putting copper sulphate inside the pot and 

potassium ferrocyanide outside. -n • 

® This word is sometimes used to describe membranes (hke those of ^e capiUari^ 
which are permeable to water and crystalloids, but hold back colloids. This should be 
avoided and the word should only be used in the sense given above. There are no true 
semi-permeable membranes in the body. 
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water but impermeable to glucose), and the pot is immersed iii water, water 
passes from the exterior into the interior of the pot and the pressure within 
It rises to a certain extent. This rise of pressure is a measure oi the osmotic 
pressure of the glucose solution ; ^ it is as though the glucose molecuhss within 
the pot exerted a suction action attracting water to themselves with a certain 

^°^Tt should be remembered that the osmotic pressure of a solution depends 
solely on the number of particles (undissociated molecules and ions) in solution 
and not on their size. The molecular weight in grammes of an (unclissociated) 
substance, dissolved in 1 litre of water, exerts an osmotic pressure of 224 
atmospheres. For example : the molecular weight of glucose is 180 ; a 
solution of 180 g. of glucose in 1 litre of water exerts 22*4 atmospheres 
pressure ; 0*1% solution of glucose (==1 g. in 1 litre, the concentration in 

plasma) exerts an osmotic pressure of atmospheres=0-125 atmospheres 


^0-125x760 mm. Hg=95 mm. Hg. 

When dealing with the osmotic pressure (o.p.) of solutions, the concentra- 
tion, of osmotically active particles is often best expressed as osmoles (or 
milUosmoles) per L. One osmole (equals 1000 milliosmoles) of a substance is 
that quantity which gives an o.p. of 22*4 atmospheres when present in 1 L 
of solution. Thus, for a solution of an undissociated non-electrolyte, the 
molar and osmolar values are identical; an osmolar solution (1 osmole/L) 
will contain 1 g.-mole of a non-electrolyte/L, e,g. 180 g. of glucose or 60 g. 
of urea per L. In the case of substances which completely dissociate into 
ions, each ion exerts the same o.p. as an undissociated molecule. Thus a 
molar solution of NaCl (Na++Cr) has an o.p. of 2x22*4 atmospheres, and 
is therefore 2 osmolar (2 osmole/L). If substances dissociate only partially, 
the appropriate multiplication factor must be found by experiment. 

We refer to osmolar concentration (osmolarity) instead of to molar 
concentration when we wish to make clear the additive osmotic effect of 
individual ions (pp. 30-32). 

Solutions with the same osmolarity are termed isotonic (or isosmotic). 
A solution termed “ isotonic ” (without further qualification) is one that is 
isotonic with normal plasma (though strictly speaking a single solution 
cannot be called isotonic without some other reference solution being named) ; 
similarly, hypertonic or hypotonic solutions have osmotic pressures respectively 
greater or less than normal plasma. 

Osmotic PuESSuaE oe Plasma.*— The total osmotic pressure of plasma is 
almost wholly due to its dissolved inorganic salts and other crystalloids, but 
to a slight extent it depends on the plasma protons. The calculated osmotic 
pressure of the plasma is 6*5 atmospheres {i,e, about 5000 mm. Hg), but in 
the body only a minute fraction of this immense force is available for suction 
purposes, because under normal conditions the interstitial fluids (tissue fluids) 
have about the same crystalloid concentration as plasma, i,e. they are 
isosmotic (isotonic) with plasma ; as the capillary membrane is freely per- 
meable to crystalloids their concentrations on the two sides of membrane 
are usually the same. 


/ X of a solution can be also determined indirectly by the depression 

oj which is proportional to the concentration of undissociated molecules 

ana of ions of solute present. 



PLASMA PROTEIN OSMOTIC PRESSURE 


15 


Importance of Orystalloib Osmotic Pressure and Electrolyte 
Concentration.— The crystalloid osmotic pressure of the body fluids and 
of the tissue cells is one of the most important “ constants of the internal 
environment ; its normal value is maintained far more rigidly than is that 
of the volume of the body vrater. Quite minor variations in crystalloid 
osmotic pressure are very harmful, as is easily shown by studying the re- 
actions of isolated organs like heart, skeletal muscles, and intestine in solutions 
which are hypotonic or hypertonic. Crystalloid osmotic pressure is almost 
entirely due to the electrolytes which form a sort of fixed chemical framework 
to the body fluids ; the osmotic pressure of the organic non-electrolytes is 
quantitatively small and more variable. For proper functioning of the tissues 
the concentration of each individual ion must be accurately maintained as 
well as the total osmotic pressure of all the electrolytes. 

Plasma Protein Osmotic Pressure.— The osmotic pressure of the plasma 
proteins (though very small) is of great functional importance, because the 
capillary endothelium is relatively impermeable to protein. It can be deter- 
mined as follows : An osmometer is employed, which consists of a small 
glass bell from the top of which project two vertical pieces of tubing. Over 
the mouth of the bell is tied the membrane, such as cellophane, which is 
completely impermeable to protein (but is freely permeable to water and 
dissolved crystalloids) ; plasma is placed in the bell, and the apparatus is 
immersed in a solution having the same electrolyte concentration as plasma 
but free from protein, e.g. Ringer-Locke’s solution. In the course of a few days 
it is found that the fluid in the projecting tubes rises to a height of about 
350 mm., equivalent to about 25 mm. Hg. The proteins have exerted an 
osmotic pressure of 25 mm. Hg and have caused fluid to flow into the bell. As 
the membrane is permeable to the electrolytes in solution, they also diffuse 
through, so that the ultimate result is the addition of a certain volume of 
physiological saline to the plasma. 

As the protein concentration in the interstitial fluid is negligibly small, 
the plasma protein osmotic pressure helps to attract fluid into the blood vessels} 
On the other hand, the capillary blood pressure is a filtering force tendi ng 
^ drive fluid into the interstitiar spaces^ and thus operates in the opposit e 
direction to the osmotic pressure oftK£ colloid s^ 

The osmotic pressure of the plasma pmteins depends op- 

serum album in and to ^ smaller exWt on the se rum-globulin. The psmom c 
p ressure exerted by a substance depends on t he numhef o f moleoulesdn th e 
soluti on; as albumin ha^ a much smaller molecule than globTflii i, a ^ve n 
yS^t of albumin contains many molecule f=i than the weigkfcZof 
^ODu fm, ^hd the^^^^ a higher osmotic pre^ ure. 1 g. alb um i n per 

TOO c.c. exerts an o.p. of 6^0“ mm. Hg and 1 g. globulin per 100 c.c. only 
1*5 mm. In addition, the specific osmotic pressure of a protein {Le. osmotic 
pressure in mm. Hg per g.) rises with increase in its concentration ; con- 
versely reduction of the plasma protein concentration lowers the osmotic 
pressure per gramme of the remaining plasma protein. In hypoproteinaemia, 
therefore, there is a double disadvantage ; (i) the total protein concentration 
is reduced, and (ii) the specific osmotic pressure (mm. Hg per g.) is decreased. 
With the normal albumin/globulin ratio of !• 7/ 1*0, by far the greater part 
of the plasma protein osmotic pressure (about 80%) is due to albumin. By 
virtue of their osmotic pressure the plasma proteins tend to retain fluid in the 









16 


TISSUEfSPACES AND LYMPHATrCS 

capillaries and so help to maintain the plasma volume (p. 81) and morula, tc 
the interchanges between the blood and the tissue spaces (p. 18) ; 
nf fllbiiTnln which is added to the plasma su cks into, and ret;nns m it abou t 
2(r'c.c' of tirnd TTlaRma nrotems induence^iilti^ion In ttuVilmT^ irpT 

the ladney (pT27). If the plasma protein conceiitratmn^^^^ expen- 

(by plasmapheresis), or by disease {e.g. Type 2 nephritis [nephrosisj) 
to below 3-5%, extensive oedema develops (p. 113). 


EXCHANGE OE ELUID BETWEEN BLOOD AND TISSUE 
SPACES. LYMPH 

Tissue Spaces and Lymphatics.^ — The capillaries arc a cIoschI system of 
vessels ; the blood only comes into actual contact with tlie cells of the tissues 

in the liver, where the endothelial lining 
of the vascular capillaries is dethdeut, an(l 
perhaps also in the spleen. Th(^ cells 
everywhere else are bathed by tissue Iluid 
(interstitial fluid), which acts as a.u inter- 
mediary, supplying nutritivti materials and 
receiving the products of metabolic activity. 

The lymphatic system consists of tlu*. 
lymphatic capillaries and the larger v<'.ssels 
which imite to form the right lymphatic 
duct and the thoracic duct. The lym- 
phatics are a closed system of vessels 
where they ramify in the tissues (Fig. 0). 
A distinction should therefore be ilrawn 
between the fluid in the tissue spa(H‘s and 
that in the lymphatic channels, to wlu(di the 
term lymph should be restricted (Fig, 3), 
The large serous cavities like the [leri- 
fo^ieum and pericardium can be regarded 
as specialized tissue spaces. It is doubtful 
whether any stomata connect the serous 
cavities with the lymphatics. 

Composition op Lymph.— Lymph from 
the lymphatic ducts has a higher protein 
content than the fluid in the tiwssue sfiaces 
and may contain a few lymphocytes. 
Thoracic duct lymph contains about d'X) 
of protein ; it is rich in fat after a latty 
meal (p. 865). The lymph coming from tlie 
iimt/s, intestine, and liver (in animals), e, on- 
tains 2, 4, and 6% of protein respectively. In an isolated observation, tlu^ 
lymph, from the ankle lymphatics in a woman during walking, contained 
0*5% of protein. As lymph is derived from tissue fluid, its comparalividv 
high protein content is not easily accounted for, 

^ Bi^er and Yoffey, LymjMtm, Lymph and Tissue Fluid, Cambritk^e, MasB., 11)41 . 
Symposium on Lymph, Ann, N,Y. Acad. 8ci., 1946, 46, 679-882. 



Fig. 3. — ^Arrangement of Lymphatic 
Capillaries. Reconstruction of 
small portion of skin of leg of 
foetus (x70). (After Drinker 
and Kampmek, Amer, Heart, J., 
1939, 18, 397.) 

The extreme -wealth of the lymphatic 
network in the skin is well shown. Note 
the numerous valves. The subcutaneous 
plexus drains into the more slender and 
more regularly disposed and fainter) 
deeper lymphatic channels. 
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Exchange of Fluid between Plasma and Tissue (Interstitial) 
Fluid. — This takes place owing to : 

(i) Differences in the crystalloid osmotic jpressure of the fluid in the two 
compartments. Such exchanges result from water drinking (p. 55), water 
deprivation (p. 66), salt excess (p. 62), salt deprivation (p. 64), and injection 
of hypotonic or hypertonic saline (pp. 126, 127) ; they are fully discussed at 
the pages mentioned* During tissue activity osmotically active metabolites are 
released into the interstitial fluid causing water to flow out from the plasma 

(p.20). 

(ii) Differences between (a) capillary blood pressure and tissue fluid pressure, 
(b) plasma protein and tissue fluid protein osmotic pressure. The exchanges 
occurring in resting and active tissues, are considered below. 

Capillaky Blood Pressure. — This can be measured in man by intro- 
ducing a very fine cannula filled with 
saline (connected with a hand pump 
and a manometer) into a skin capil- 
lary. If the pressure in the capillary 
is higher than in the glass tube, blood 
runs into the saline, and vice versa. 

The pressure is then suitably raised or 
lowered and tested on other capillary 
loops. The following results have 



A 


beea obtained in the capillaries at 


\z 


Venule 


h 

*^32 


Arteriole 

Fig. 4. — CJapillary Blood Pressure. 
a — Arteriolar capillary ; Summit of loop ; 6 = 

Venous capillary. The figures (32, 20, 12) 
indicate average capillary pressure in mm. 
Hg in each part of the capillary. (Landis 
Eeart, 1930.) 


the root of the nail, with the subject 
in the recumbent position and the 
finger held at the level of the manu- 
brium sterni. There is a considerable 
pressure gradient in a capillary loop, 
the pressure being higher at the 
arterial than at the venous end of the 
capillary (Fig. 4). The average values 
are : arterial end, 32 mm. Hg ; 
summit, 20 mm. Hg ; venous end, 

12 mm. Hg. At the arterial end there 
is a difference of 5-10 mm. between 
the pressures during systole 4nd dia- 
stole (^.6. the flow is pulsatile) ; but at the venous end the pulse pressure 
is negligible (the flow is uniform). These results indicate that the capillaries 
constitute to some extent a part of the peripheral resistance (cf. p. 302). 

Relation to Heart Level. — ^When the finger is raised above the level 
of the manubrium sterni (i.e. above heart level), there is practically no 
change in the venous capillary pressure, and only a slight fall in the arterial 
capillary pressure. If the finger is lowered below heart level, the capillary 
pressures rise by almost the full theoretical hydrostatic requirements 
(Fig. 5). 

Relation to Yenous Pressure.— the venous outflow is obstructed, the 
capillary pressure rises and attains a value about 10 mm. Hg higher than 
the venous pressure (cf. p. 322). 

Effects of Arteriolar Dilatation. — This can be conveniently studied by 
1 Landis, Heart , 1930, 15 , 209. 
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FLUID EXCHANGES IN RESTING TISSUES 

ieatmg tte skin and so dilating tke local arterioles. _ Both arterial and venous 
capillary pressures markedly rise (s-ff- 40 to 60, and 10 to 40 mm. Hg 
respectively), and capillary pulsation with each heart beat is obvious. 
The rise is due to the general arterial pressure being transmitted more 
directly to the capillaries owing to the lessened resistance in the wider skin 
3i]rt)0Tlol6S 

Interml Organs.— Less is known about capillary pressure in internal 
organs. The pressure in the glomeruli of the kidney may he nearly as high 
as the diastolic blood pressure (p. 25). In the inte.stinal capillaries the 
pressure must be higher than in the portal vein, whicli in nnm is ]()-2() mm. 
Hg. In the liver, capillary pressure may be very low indeed. 

Plasma-Tissue Fluid Exchanges in Resting Tissues.— At the arterial 



!Fiq. 6. — ^Effect of Gravity on Capillary Blood Brossuro. 

Vertical line 0=Finger at heart level. Levels above are recorded 
to the left as minus; below, to the right as plus. (Landis, 
Heart, 1930.) 


end of a capillary the balance of tbe outward-driving (capillary pressure) 
and inward-pulling (protein osmotic pressure) forces is such that small 
quantities of fluid and dissolved substances leave the vessels to enter the 
tissue spaces. The average pressure in an arterial capillary (in the skin of 
man at heart level) is 32 mm. Hg ; the protein osmotic pressure in the plasma 
is 25 mm. Th^ gives an outward-driving force of 7 ram. At the venous 
end of the capillary the pressure is lower, approximately 12 mm. ; this is 
less than the protein osmotic pressure which has simultaneously risen slightly 
owing to previous loss of fluid from the capillary. Consequently an approxi- 
matelj eqiml volume of fluid is reabsorbed (lig. 6). This plasma-tissue 
nuKt mtercuange takes place on an enormous scale ; a volume of fluid equal 
to j^t of the wliole plasma escapes feom the entire capillary bed into the 
usi^e apaces in less than oTiift^ tni'Tm tA, 

^ dependent parts, where the hydrostatic pressure of the column 
of blood may be considerable, the capillary pressure, even at the venous 
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end, may exceed tlie protein osmotic pressure. Wlien the arm is allowed 
to hang limply, it may swell from filtration of fl.md outwards into the 
tissue spaces ; the venous blood leaving the part is correspondingly more 
concentrated. 

Plasma-Tissue Fluid Exchanges in Active Tissues. — ^During tissue 
activity larger quantities of fluid pass out of the capillaries into the tissue 
spaces. In the case of a secreting gland {e,g, salivary gland) most of this 
fluid is then actively transferred by the gland cells from the tissue spaces into 
the lumen of the gland duct. This active process is called secretion and 



JFiO, 6.— -Fluid Interchanges between Plasma, Tissue Spaces, and Lymphatics. 
(Wright, Proc. roy* Soc. Med,, 1939.) 


unlike purely physical processes like osmosis or filtration it involves mcreased 
metabolism (increased O 2 consumption and CO 2 formation, mcreased heat 
output). Some of the fluid passes by unknown means mto the lymphatics 
and so leaves the active organ ; some accumulates in the tissue spaces. 

In the case of muscle, tissue fluid formation is on a smaller scale ; the 
excess fluid can neither escape in the lymphatics or remam m the muscle. 
In muscular activity the weight of the muscle may mcrease by 20% ; tbs 
swelling of the muscle may be m part responsible for the skfeess wbch 
folloTO severe exertion. The greatly enhanced rate of tissue flmd fom^taon 
supplies the active organ with more nutrients and other materials (mcluding 
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water) necessary for tlie formation of the secretion or for t he carrying out oi* the 
specific function of the organ. But it should be reinemb(‘.red that the nutrients 
could have been provided by simple diffusion owing to a dilTerence of concen- 
tration of the nutrient on the two sides, without any escjijK' of fluid, as is the 
case when Og is supplied to an active tissue. During tissue activity when, 
possibly, no fluid passes back into the blood, the metabolites which arc formed 
in the tissues gradually diffuse away into the blood owing to difference of 
concentration and are thus removed. 

The factors concerned in this greatly enhanced tissue fluid fun nation are : 
(i) changes in the circulation and (ii) release of metabolites. 

Yasculae Changes.— (1) Blood flow, — The blood flow throtigh an active 
organ is greatly increased owing (i) to local arteriolar dilatation ; this is 
mainly due to the liberation in the organ of vasodilator products of activity 
(*' metabolites,*’ inflra) ; sometimes it is due to the action of vasodilator 
nerves. Thus the chorda tympani nerve is not only secretory to the sub- 
maxillary gland but is also specifically vasodilator (p. 316) ; (ii) to diversion 
of a larger proportion of the cardiac output to the active region. In miis(mlar 
exercise not only is the cardiac output greatly increased but most of it is 
sent to the active muscles (p. 433). The magnitude of the blood supply sets 
an upper limit to the volume of tissue fluid which can be formed. 

(2) Increased Arteriolar Pressure. — Owing to arteriolar dilatation there 
is reduced frictional resistance and the arterial pressure is transferred 
from the proximal to the distal end of the arteriole with less loss of 


pressure. 

(3) Capillary Changes. --Owmg to the action of metabolites ami local rise 
of temperature (p. 320) the capillaries in the active region become widely 
^ated and many capillaries previously closed open up ; the caj)illary mein- 
brane becomes thinner and more permeable permitting more rapid transfers 
across it. As the blood pressure is transmitted with less loss tliromdi the 
a^rioles, the capillary blood pressure rises; as the capillaries am also 
dilated there is less local frictional resistance ; consequently the pressure 
at the venous end of the capillary corresponds more closely to that at the 
j ‘ throughout the length of the capilla^T 

the blood pressure may exceed the opposing protein osmotic pressure : if 
this is so, tms factor alone would lead to a continuous outflow of fluid with 
no possibihty of its return into the capillaries 

Metabolites -During activity, large non-osmotic molecules 
ftftVp break down into numerous small molecules, which pass 

These metabolites diffuse slowly into the blood and 
emam m comderable concentration m the tissue spaces for a long period 

fSkTt K dissaved active attract fluid from the bloid au.i 

retam it. The dissolved crystalloids of the blood, which can pass very readilv 

Y I*..! . T ^ pulled there, z.e. protein-free plasma passes out 
■V ery httle is known about the metaboHc changes takik' nherh. Lr It 

of muscle, however, a substantial rise of osinotic pressure 
® (p. 430, footnote) ^ 

synLonomlitrtr^i Wood vessels is 
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th6 tissue spaces but are largely responsible for the arteriolar and capillary 
dilatation as well (pp. 317, 320). 

Removal of Tissue Fluid. — During the period of activity, the tissue 
fluid which is formed is (i) retained in the tissue spaces or (ii) escapes into 
the lymphatics (this may be the purpose of the lymphatics in the normal 
body in the absence of infection) ; (iii) in the case of glands it is mainly 
poured out in the external secretion. When the tissue comes finally to rest 
the metabolites either diffuse into the blood or are oxidized, and thus the 
osmotic pressure of the tissue spaces falls. The arterioles and capillaries 
become narrowed again. The excess fluid in the tissue spaces is absorbed 
mainly into the blood vessels, and possibly also into the lymphatics. As the 
lymphatics are a closed system of channels peripherally, no fluid can enter 
them directly, but must first pass through the endothelial lining. We do 
not know how this transfer is accomplished. 

In the above discussion attention has been directed mainly to the exchanges 
between plasma and tissue (interstitial) fluid. The exchanges between extra- 
cellular and intracellular fluid are considered on pp. 55-68. 

Plasma-Tissue Fluid Exchanges after Injection of Hypotonic 
OR Hypertonic Saline.— S ee pp. 126, 127. 

Tissue Fluid and Plasma Volume Regulation. — See p. 80. 

Removal of Fluid prom Serous Cavities and Subcutaneous Tissues. 
— If isotonic saline is introduced into a serous cavity it is absorbed very 
rapidly. In the case of the pleural cavity, ligature of the thoracic and right 
lymphatic ducts does not affect the rate of absorption of saline, proving 
that the fluid is passing chiefly into the blood. If a dyestuff, e.g. indigo blue 
dissolved in saline, is injected into the pleural cavity, it appears in the urine 
in 5 minutes, and in the thoracic duct after only half an hour has elapsed. 
Absorption into the lymphatics therefore does occur, but is relatively un- 
important and slow. 

Blood which has effused into a serous cavity may also be slowly absorbed. 
It is assumed that the proteins of the effusion undergo autolysis and subse- 
quent removal, or are ingested by phagocytic cells. The protein-free plasma 
is then absorbed. 


FUNCTIONS AND STRUCTURE OF THE KIDNEY. 
SECRETION OF URINE ^ 

Functions of the Kidney. — 1. By secreting the urine the kidney carries 
out many essential functions. 

(1) The kidney regulates the volume of the body fluids ; more specifically 
it maintains the constancy of the volume of the extracellular fluids, with 
special emphasis on the volume of the jplasma. Water is, of course, lost by 
other channels ; in the case of the skin, the volume of water lost as sweat 

^ Gamble, Extracellular Fluid, Harvard University Press, 1949.^ Horner Smith, 
Kidney : Structure and Function, London and New York, 1951 ; Studies in Physiology of the 
Kidney (Porter Lectures), University of Kansas, 1939. BulL N.Y, Ac^. Med,, 1947, 23, 
177. Technique of Penal Clearance, see Smith et al., J, din. Investig., 1938, 17, 263 ; 
Goldring et al, ibid,, 1940, 19, 739. For review of renal function in early life, see McCance, 
Physiol. Pev,, 1948, 28, 331. 
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ip udiTisted in relation to the “ needs ” of body temperature The volume 
of the nrine, however, is specifically adjusted to the needs of tcatar halarux. 

(2) (i) The kidney is the only significant route by wlucli inorganic ions, 
both cations {e.ff.Na+ K+) or anions (e.g. Cl', phosphate, SO/) are eliminated 
from the body. By adjusting the relative excretion of water ami of the 
individual ioii, both the total crystaUoid osmotic 'pressure and the ionic 
pctitem {i,e, the concentration of individual ions, notably Na+, Cl', HCOj') of 
the extracellular fluids, including the plasma, are kept within normal limits. 
If there is a “ conflict ” between the regulation of the volume of the extra- 
cellular fluids and the regulation of the total crystalloid osmotic pressure, 
the latter takes precedence over the former, i.e. crystalloid osmotic pressure 
is maintained in spite of deviations in the volume of body water. 

(ji) The kidney also helps to preserve the appropriate plasma concentra- 
tion of crystalloid sjow-electrolytes, of which ghmse and urea are. the most 
important. 

(3) (i) Among the ions, but so important as to demand ajjecial mention, 
are the H+ and OH' ions, the relative concentration of which determines 
the acidity or alkalinity of the blood and body fluids generally. ^ Regulation 
of the H+ ion concentration of the plasma depends on (a) physico-chemical 
reactions (p. 91) ; (h) vital reactions (p. 94). One of the vital reactions, 
ic, the adjustment in the pulmonary ventilation, helps to preserve the con- 
stancy of the ion concentration by varying the volume of COg which is 
eliminated ; but the lungs can only deal with a volatile substance like CO 2 . 
The elimination of appropriate amounts of non-volatile acid and basic radicals 
can be carried out only in the urine. Electrolytes must be excreted in the 
urine in such amounts as to maintain not only the correct total crystalloid 
osmotic pressure of the body fluids as mentioned in (2) above, but also the 
proper level of H+ ion concentration. Sometimes the ** needs ” of ion 
concentration may he sacrificed in the “ interests ” of total crystalloid 
osmotic pressure. 

(ji) The kidney also preserves H+ ion concentration by manufacturing NH^ 
which neutralizes the acid radicals of the blood, the resulting salt being 
excreted in the urine. 

(4) The kidney is the only route of elimination of the waste products, 
especially the mtrogen- and sulphur-containing substances derived from the 
metabolism of ingested protein ox resulting from normal or abnormal cellular 
me^bolism. The kidney likewise eliminates toxic substances {e,g. drugs) 
which have entered the body. 

From what has been said above it is clear that the kidney is the out- 
standing “ guardian,” both mth respect to sensitivity and scope, of the 
constancy of the mflien int6rieur. Failwe of renal activity results in many 
changes : al^rations in the total crystalloid osmotic pressure or the concentra- 
tion of indi'ridual ions (including H+ions) in the plasma and interstitial fluids ; 
alterations in the concentration in the body fluids of useful non-electrolytes 
like glucose, or of waste products like urea ; alterations in the volume of the 
plasma and of the total extracellular fluid. Increased permeability of the 
membranes in Bowman’s capsule may lead to loss in the urine of plasma 
protem or even of blood. 

2.^ The kidney also has certain functions which arei unrelated to the secretion 
of unne. 
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(1) Tlie renal cortex forms a proteolytic enzyme known as Teuin whicli 
is discharged into the general circulation ; it acts on a plasma globulin called 
hypertensinogen to form a polypeptide called hypertensin which powerfully 
constricts peripheral blood vessels giving rise to hypertension. The stimulus 
to the discharge of renin is a decrease in renal artery pressure or renal blood- 
flow. Renin is probably secreted when the blood pressure falls ; by increasing 
the peripheral resistance it may help to maintain normal arterial blood 
pressure. In conditions of renal ischcemia excess renin is liberated giving 
rise to marked sustained hypertension (so-called ischcemic hypertension (of. 
p. 345)). As renin is an internal secretion, the kidney may, somewhat sur- 
prisingly, also be regarded as an endocrine organ. 

(2) The renal tuWlar epithelium carries out certain chemical transforma- 
tions : 

(i) It forms NHg (p. 97). 

(ii) It hydrolyzes organic hexose-phosphate by means of the enzyme 
phosphatase to liberate inorganic phosphate (p. 1002) ; some of the phosphate 
eliminated in the urine may come from this source and not directly from 
the plasma phosphate. Urinary phosphate may also be derived from the 
organic phosphate in tissue cells (p. 95). 

(iii) It carries out detoxicating reactions, e,g. it combines the benzoic 
acid of the blood with glycine (available locally) to form hippuric acid 
(p. 830). 

Structure of the Kidney. — The functional unit of the kidney is the 
nephron which consists of Bowman^s capsule and the renal tubule proper 
(Fig. 7). Each human kidney contains one million nephrons wmch 
drain via the collecting tubules into the renal pelvis and thence into 
the ureter. 

(1) Bowman's capsule is invaginated by a tuft of capillary vessels, the 
glomerulus ; capsule and glomerulus together constitute the Malpighian 
(renal) corpuscle. The capsule is lined by a very thin epithelium. The struc- 
ture of the Malpighian corpuscle is well adapted to its function which is 
to filter out a cell-free flxiid from the blood identical in composition with 
the plasma, except for the proteins (and other colloids), which do not pass 
through. 

(2) The renal tubule consists of three segments ; the histological differ- 
ences to be described are related to functional differentiation. 

(i) The proximal tubule (including the first convoluted tubule) is lined 
by a cubical epithelium ; the free external border of the cells contains many 
mitochondria arranged in parallel vertical columns producing a striated 
appearance (brush border). 

(ii) Thin segment (of the loop of Henle) : the cells are flattened and 
contain clear protoplasm and the lumen is narrower than anywhere else in 
the tubule. 

(iii) In the distal tubule (including the second convoluted tubule) the 
lining cells are cuboidal and contain granular basal striations but no definite 
brush border. 

(3) The collecting tubules are lined by clear cubical cells they lead into 
the larger ducts of Bellini (lined by clear columnar cells) which open at the 

apex of the pyramids. -r. n- • i- 

The loops of Henle, the collecting tubules, and the ducts of Bellini he 
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in the medulla of the kidney ; the other parts of (he tuluile are foiiinl in the 



7. ^Arrangement and Structure of the Nephron. (Homer Smith, Physiology 
of the Kidney 1 1937.) 


Ae length of the hu m a n renal tubule is about 3 cm. ; the diameter is 20-60 /z. 
As^ there are about 2 m illi on nephrons, their total length is about 40 

Renal Circulation.^ — The blood flow through the kidney (as through the 
^ Traeta et al., KenaljOirculation, Oxford, 1947. 
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other organs) depends on the cardiac output, the general arterial blood pressure 
level, and the calibre of the local arterioles and capillaries. The distinctive 
features of the renal circulation are : 

(i) The enormous size of the renal hhod flow, about 1300 c.c. per minute 
in man. Although the kidneys are only 0-45% of the body weight, they receive 
about 25% of the resting cardiac output. The renal blood flow is not related 
to its respiratory needs but to its function of forming urine. 

(ii) The double capillary network : {a) The glomeruli in the Malpighian 
corpuscles ; (b) the capillaries on the surface of the renal tubules. 

(iii) The presence of a shunt 


mechanism which enables the blood 
flow to the renal cortex to be reduced, 
the blood then being diverted to the 
renal medulla (p. 26). 

Blood Supply op Renal Cortex. 
The renal artery divides into branches 
which run between the pyramids to 
the boundary zone ” between the 
cortex and the medulla, where they 
are united by a series of arterial arches 
with their convexity directed out- 
wards. From these arches, parallel 
cortical or interlobular arteries arise 
which run towards the surface of the 
kidney (Fig. 9). At intervals they 
give oif the afferent vessels each of 
which breaks up into a capillary tuft, 
the glomerulus, whence emerges the 
efferent vessel which breaks up into 
a capillary net over the surface of the 
convoluted tubules ; the blood drains 
into venules and so enters the inter- 
lobular veins. These pass into the 
venous arcjies which lie in the con- 
cavity of the arterial arches. The 
efferent vessels of these glomeruli 
are narrower than the afferent 
vessels. 



OSMOTIC PRESSURE OF 
PLASMA PROTEINS 


Fig. 8. — Glomerular Pressure as influenced 
by Relative Calibre of Afferent and 
Efferent Glomerular Vessels. (Homer 
Smith, Physiology of the KidTiey, 1937.) 

If the afferent vessel Is constricted the glomerular 
pressure is markedly diminished (A) ; if the 
efferent vessel is constricted the pressure is 
raised in the glomerulus (B) and falls steeply on 
reaching the tubular capillaries. 

Height of arrows = net filtering force (p. 27). 


Glomerular Blood Pressure. — The level of blood pressure in the 
glomerular capillaries though of great functional importance, has not been 
measured directly in mammals ; indirect evidence suggests that it is normally 
higher than the pressure in capillaries elsewhere and may sometimes equal 
the diastolic blood pressure. Glomerular pressure depends not only on the 
gefteral level of blood pressure but also on local conditions within the kidney. 
With constant renal artery pressure, constriction of the afferent ve^els of 
the glomeruli interposes an additional frictional resistance with resulting fall 
of the glomerular pressure (Fig. 8, A) ; conversely, constriction of the efferent 
glomerular vessels dams up the blood proximally so that glomerular pressure 
rises and approaches that in the renal arteries (Fig. 8, B) . A rise in the filtration 
fraction (p. 27) in man is interpreted as representing raised glomerular 
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pressure. As explained below, in conditions of cortical ischsemia the pressure 
in the glomeruli and the blood flow through them is markedly reduced. 

Blood Supply op the Medulla.— The glomeruli related to afferent 
vessels which spring from the interlobular artery close to its origin from the 
arterial arch (or occasionally from the arch itself), are known as jwla-medullary 
glomeruli, and have special characteristics (Kg. 9). Their efferent vessels 
are wide and may even exceed the afferent vessels in calibre. Each efferent 
vessel breaks up into a number of parallel “ arterial ” vessels, vasa recta, 
which run as a bundle into the medulla for varying distances before taking a 
hairpin bend or giving rise to a T-branch, to return as ” venous vessels to 


INTERLOBULAR 



Fig, 9. — ^Diagram of Kenal Circulation ; Renal Shunts. 

Left-hand Fig, : normal circulation. 

0,G.a= cortical glomerulus; Cap,** capillaries round convoluted tubules; J.M.G.^juxta-meduUary 
glomerulus. Its efferent vessel breaks up into vasa recta which pass into the medulla, 

Fight-hand Fig, : spasm of interlobular artery just distal to juxta-medullary glomerulus. Note resulting 
cortical ischsemla and shunting of blood via juxta-meduJlary glomeruli into the medulla. 

the venous arches. The vasa recta give off fine capillaries to the adjacent 
tubular tissue in the medulla. The vasa recta have a thin endothelium, like 
capillaries, but they are, of course, of great length and of much wider calibre 
than capillaries. Vasa recta may also arise directly from the arterial arches. 

Rsnal Shunts. Cobtical Isoh.®mu.— In a variety of experimental 
conditions the interlobular arteries just beyond the point of origin of the juxta- 
medullary glomeruli undergo constriction ; as a result the blood flow to the 
cortex, and thus to the cortical glomeruh and related convoluted tubules, is 
almost completely cut off. The flow of urine is decreased or stopped, li the 
calibre of the other renal vessels and the general blood pressure are unaltered, 
the total renal blood flow is unaffected ; but the blood which is excluded from 
the cortex is diverted via the juxta-meduUary glomeruU and the vasa recta 
into the medulla (Fig. 9). The cortex is then pale and the medulla deeply 
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engorged with blood ; as the diverted blood flow has not come into contacts 
with the main mass of the nephrons and has, therefore, not given np its 
oxygen there, the venous blood is more arterial in colour than normally. 
If the cortical ischaemia is accompanied by constriction of the larger renal 
vessels or by a diminished renal blood flow from other causes the shunt ’’ 
will transfer less blood through the medullary vasa recta. 

Localized cortical ischcemia with diversion of the blood flow to the medulla 
has been demonstrated in rabbits (i) during stimulation of the peripheral 
end of the splanchnic or renal nerves ; (ii) reflexly from nocuous stimulation, 
e,g. crushing a limb ; (iii) in rapid haemorrhage. It is claimed that cortical 
ischaemia may be a factor in producing the anuria observed clinically (i) in 
emotional states, (ii) after operations on the urinary tract, (iii) a^r mis- 
matched blood transfusions (cf. p. 182).^ Prolonged severe cortical ischaemia 
may give rise to cortical necrosis. 

Neroe SwppZt/.-— The sympathetic nerve supply of the kic^ey (p. 711) 
does not act directly on the nephrons ; it modifies renal activity only by 
altering the local blood flow. 

Mechanism of Renal Secretion. — ^An account will first be given of the 
probable course of events in the mammalian kidney ; quantitative data 
quoted apply to man unless otherwise stated. The evidence for the various 
statements made will be set out subsequently (p. 31). 

Glomerular Filtration. — About 1300 c.c. of blood (700 c.c. of plasma, 
600 c.c. of cells) flow through the kidneys per minute ; in the glomeruh, 
where the blood pressure is comparatively high, 120 c.c. of fluid are filtered 
off per minute from the 700 c.c. of plasma and passed into Bowman’s capsule. 
The glomerular filtrate is identical in composition with the plasma but CQP -* 
tains no protein (or otiieiTcolloids)' The ratio of the volume of glomerular 
filtrate /plasma^flow is called the filtration fraction ; in the example given it 
is 120/700=0*17. In 24 hours the total volume of glomerular filtrate is 

170 litres. ... i* • 

The mechanism of glomerular filtration is like that responsible for tissue- 
fluid formation (p. 18). The glomerular blood pressure (say 75 mm. Hg) 
constitutes a filtering force driving fluid out of the blood vessels into Bow- 
man’s capsule ; it is opposed by the osmotic pressure of the plasma proteins 
(=25 mm. Hg) which tends to hold water in the blood vessels. The 
Mtenng force is the glomerular blood pressure minus the plasma protein 
osmotic pressure {e.g. 75-25=50 mm. Hg). The volume of glomerular 
filtrate depends on several factors : (i) directly on the magnitude of the 
net filtering force, i.e, it is increased by a rise in glomerular pressure or by 
a fall in plasma protein osmotic pressure ; (ii) within certam lirnits, at com 
stant filtering force, the volume of glomerular filtrate varies directly with 
the renal blood flow, (iii) The hydrostatic pressure' in Bowman’s capsule 
is normaUy zero (i.e. atmospheric pressure). Should it rise, as a result of 
obstruction to the outflow of urine, it resists the passage of flmd from the 
glomeruli ; marked capsular distension from chrordc ureterio obstruction 
may even lead to partial obliteration of the glomeruh. ^ 

In disease the renal blood flow and the number of functioning glome^ 
may be markedly reduced ; there is a close correlation.between such reduction 
and the degree of resulting renal inefficiency. 

1 For critical review aee Homer Smith et oZ., J. Med.^ 1950, 9, 216. 
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REABSORPTION IN THE TUBULES 

The permeability of the filtering membranes {i,c. the glomerular endo- 
thelium plus the capsular epithelium) is increased in many abnornial condi- 
tions, e.g. by an inadequate blood supply (as in circulatory failure), anoxia, 
or by various toxic agents including certain drugs and bac-tcrial poisons. 
The normal epithelia retain serum globulin (mol. \vt.* 170, 000) ami serum 
albumin (mol. wt. 70,000), but they let through substanc(‘s of smaller molecular 
weight, injected haemoglobin (mol. wt. 68,000), egg albumin, Bence-Jones’ 
protein or gelatin (mol. wt. 35,000). In renal disease, the membrane per- 
meability usually increases : serum albumin is the first to escape and appears 
in the urine (albuminuria ) ; more rarely and later serum globulin may also 
pass through. With graver injury to the Malpighian corpuscles both red 
and white cells may pass through or obvious hcemorrhage may take place. 
An abnormal state of the renal capillaries is probably responsible for the 
hsematuria of scurvy (p. 1042) and purpura (p. 157). 

Reabsorption in the Tubules. — The crystalloid composition of the 
glomerular filtrate is identical with that of the plasma. If the volume of 
glomerular filtrate is also known, the absolute amount of each plasma con- 
stituent filtered out (say in 24 hours) can be readily calculated. The urine 
for the same period can be collected and analysed. A comparison of glomer- 
ular filtrate and urine demonstrates that the glomerular filtrate is profoundly 
modified during its passage down the renal tubules (cf. Table, f/i/m, which 
should be carefully studied). 

Conmiira- 


Constituent 

ConcerUra- 
tion in 
100 c.c. of 
Plasma 

Total in 
170 7. 0/ 
Olomerutar 
Filtrate 

Total 
excreted m 
24 7<r. Urine 

Total 
reabsorbed 
in Tubules 

tion in 
mg. per 
100 c.c. of 
Urine 

Relative 
concentration 
Urine/ Plasma 

Water. 


170 L 

1*5 L 

168-5 L 



Proteins! 
Colloids > . 

^ g* 

none 

none 

none 

none 


Fats j 
Glucose 

100 mg. 

170 g. 

none 

170 g. 

none 


HCOg'. . 

150 

255 

none 

255 

none 


Na+ . . 

330 

560 

^ g* 

555 

350 

*i 

Cl' . . 

365 

620 

9 

611 

600 

2 

Ca++ . 

10 

17 

0*2 

16-8 

15 

1*5 

K+ . . 

17 

29 

2*2 

26-8 

150 

9 

Phosphate 
(as P) 

3 

5-1 

1*2 

3-9 

150 

50 

Uric Acid . 

2 

3-4 

0*75 

2-65 

50 

25 

Urea . 

30 

51 

30 

21 

2000 

70 

SO/ (as S) 

2 

3-4 

2*7 

0-7 

180 

90 

Creatinine . 


(data excluded owing to uncertainty.) 



Of 170 litres of water filtered out in the glomeruli, 168*5 litres are re- 
absorbed.^ Glhcose is reabsorbed completely and bicarbonate at the normal 
reaction of the urine almost completely (but when an alkaline urine is 
passed large amounts of bicarbonate may be excreted (p. 96)). Na+, Cb, 
and Ca-H- are reabsorbed very extensively (only 1-2% of the amount filtered 
^ Mol. wt. ==molecular weight. 
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is excreted) ; in the case of K+, 8% of the amount filtered is excreted ; in 
the case of uric acid this fraction is about 20%. In the case of phosphate and 
urea the fractions excreted are 25% and 60% respectively. There is contro- 
versy about the concentration of SO/ and creatinine in the plasma ; if tie 
data set out in the Table are reliable, about 80% of the filtered is 
excreted. 

Substances which are absorbed completely or very extensively are called 
threshold substances ; they are valuable plasma constituents which are 
absorbed in amounts sufficient to maintain their optimum concentration in 
the plasma. Substances which escape extensively and which are known to 
be waste substances {e.g, urea, sulphate, creatinine, and to a less extent uric 
acid) are called no-threshold (or low threshold) substances.. As will be ex- 
plained below the valuable threshold substances are probably actively re- 
absorbed ; the fraction of the low threshold waste substances which returns 
to the blood does so by a passive process called hack-diffusion (p. 31). 

The last column in the Table compares the concentration of the con- 
stituents in urine and plasma. The threshold substances, because they are 
largely passed back into the blood are concentrated to a small extent in the 
urine. The no-threshold substances which return to the blood on a smaller 
scale are concentrated to a correspondingly higher degree. 

It is quite clear from the above data that the fundamental process which 
takes place in the renal tubules is reabsorpion, i.e. the transfer of water and 
many dissolved substancesirom the lumen of the tubules.back into the blood. 
In the case of water and the threshold substances this process of absorption 
is selective and is varied according to bodily needs. It is- hkely that specific 
mechanisms are concerned with the reabsorption of each substance or group 
of substances. For example, the reabsorption of water is largely dependent 
on the action of the post-pituitary antidiuretic hornione (p. 49) ; adrenal 
corticoids increase the reabsorption of Na+ and Cl' ions (p. 945) ; the re- 
absorption of glucose is arrested by pJiloridzin (p. 32). Experimentally, if 
the tubular epithelium is paralysed by cyanide or by lour temperatures all 
active reabsorption ceases, proving that it is a vital process depending on the 
specific properties of the living epithehal cells (cf. p. 9). 

Urinary Specific Gravity and Osmolarity. — The Table below shows the 
approximate relationship between the concptration of total solutes in the 
urine expressed as osmoles/L and its specific gravity (which is the easiest 
and one of the most useful bedside determinations). 

Sp Gr^ . 1005 1007 1010 1015 1020 1025 1030 1035 1040 

Osmoles/L . 0-2 0-3 0-4 0-6 0*8 1*0 1*2 1*4 1*6 

[Note that each increment of 0*2 osnioles/L represents an increase of 5 
in sp. gr. The concentration of glomerular filtrate=0-3 osnloles/L.] 

If the specific gravity of a urine is known the total solute output can be 
calculated approximately in osmoles (or milliosmoles). 

Example. Sp. gr. of urine=1020 ; this is equivalent to 0*8 osmoles/L. 
Daily output of urine=1200 c.c. 

Total solute output in 24 hr.=0*8x 1*2==0*96 osmoles=900 mill - 
osmoles. 

1 Sp. Gr. 1005, etc., is compared with water which is 1000. If Sp. Gr. of water a 
taken as 1-000 then Sp. Gr. 1005 is equivalent to 1-005. 
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VOLUME OBLIGATOIRE 


Osmotic Work op Tubules. Volume Obligatoire.— The osmotic 
pressure of urine varies widely ; in some conditions, e.g. after water drinking 
it is more dilute than plasma, but generally it is more concentrated. The 
average maximal urinary concentration is l4 osmoles/L (plasma=0*3). The 
tubular epithelium consequently generally performs osmotic work to return 
water to the blood against the osmotic resistance of the concentrated urine. 
The mine cannot, however, be concentrated beyond the point at which its 
osmotic pressure just balances the absorbing power of the renal cells {ix. an 
osmotic pressure corresponding to a concentration of about 1*4 osmoles/L). 
The solutes of the urine therefore demand a certain minimum volume of water 
for their excretion (volume obligatoire). 

If the amount of solute is known, the minimal urinary volume in which 
the solute can be excreted can be calculated. Assume as in the example 
given above that 960 milliosmoles are to be excreted. At maximal urin^y 
concentration, 1400 milliosmoles of solute “ demand ” 1000 c.c. of urine for 
their excretion (i.e. to give a concentration of 1-4 osmoles/L) 

1000 

960 milliosmoles '' demand ’’ j|^x960=680 c.c. of urine. 

The Table below shows the volume obligatoire on dijfferent diets (yielding 
different amounts of solutes to be excreted) when urine of different specific 
gravities is passed. 


Diet 

Solutes to be 
excreted in 

24 hours (in 
milliosmoles) 

Volume Obligatoire in c.c. 

Sp. 6r. 1015 
0"6 Osmoles/L 

Sp. Gr. 1020 
0-8 Osmoles/L 

Sp. Gr. 1036 
1*4 Osmolos/L 
(maximal 
concentration) 

Usual mixed food 
intake 

1200 

2000 

1600 

860 

Pasting 

800 

1300 

1000 

650 

Pasting and 100 g. 
of glucose - 

400 

700 

600 

300 

Pasting or a mini- 
mal protein in- 
take plus enough 
glucose to meet 
rail caloric re- 
quirements 

200 

360 

250 

150 


dilurs'feti'i? i SS'S*/” a larger volume of mor. 

P > . . urme of lower osmolarity (lower concentration) 
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involving less osmotic work in absorbing water in the tubules. When water 
is scarce the urine is excreted with maximal osmolarity with corresponding 
maximal osmotic work in the tubules. An early sign of renal failure is impair- 
ment of water reabsorption : on a standard water intake a fixed amount of 
solutes is excreted at lower osmolarity {i.e. lower sp. gr. urine) and in a larger 
volume of urine than is the case with normal people. 

Reabsorption ^ of water is only dependent in part on the antidiuretio 
hormone. Thus in the complete absence of this hormone urine is passed at 
the rate of 30-40 L per day, i.e, out of 170 L of glomerular filtrate 130 L of 
water (or more) are still reabsorbed (p. 51). 

Back-diffusion. Forwa/rd-diffitsion. — As the osmolarity of the urine 
rises the concentration of many of the individual constituents in the urine 
greatly exceeds that in the plasma ; there is a tendency for the constituents 
to diffuse^ back (passively) into the blood ; the tubular epithelium must do 
work to limit this back-diffusion. There is thus a limit to the concentration 
that may be attained by any individual constituent in the urine ; for this 
reason the urea concentration in the urine rarely exceeds 4% (100-200 times 
as great as the plasma urea concentration). 

Generally the concentration of Na+ and OF in the urine is less than in 
plasma ; in dilute urine it is very much less. The tubular epithelium must 
then do work to prevent forward diffusion of Na+ and Cl' from the plasma 
into the lumen of the tubule. 

Tubular Excretion. — The tubular epithelium can also actively transfer 
substances from the blood into the lumen of the tubules and so eliminate 
them from the body. This process is called tubular excretion (or by an old 
convention, tubular secretion). In mammals none of the normal plasma 
constituents are so excreted (with the doubtful exception of endogenous 
creatinine) . Certain artificially introduced substances are, however, eliminated 
in this way. Injected (exogenous) creatinine and dyestuffs like diodrast 
(diodone) and other organic iodine compounds are among the most important 
substances so treated (p. 37). 

Evidence for Mechanism of Renal Secretion.— The evidence for the 
account of renal secretion given above will now be briefly summarized. 

Evidence for Composition of Glomerular Filtrate. — (i) In amphibia 
examination of the fluid in Bowman’s capsule collected by direct puncture 
shows that it is identical in composition with the plasma in respect of: 
crystalloid osmotic pressure, electrical conductivity, alkalinity, and concen- 
tration of urea, glucose, inorganic phosphate, creatinine, uric acid, and 
chloride ; the volume of capsular fluid (directly measured) is well above the 
volume of urine excreted in the same period of time. The capsular fluid in 
amphibia is thus proved to be a simple filtrate, as assumed on p. 27. 

(ii) Similar experiments in mammals are far more difficult to perform as 
the Malpighian corpuscles are placed deep to the renal surface and are covered 
by loops of proximal tubule. A few successful experiments have been per- 
formed in rats and guinea-pigs ; the capsular fluid collected by direct puncture 
was found to be protein (and colloid) free but was otherwise identical in 
composition with the plasma. The rate of glomerular filtration (determined 
directly) was 0‘38-l*l2 c.mm. per glomerulus per hour. It is interesting 
to note that the human glomerular filtration rate of 120 c.c, per minute is 
equivalent to a flow of 4*3 c.mm. per glomerulus per hour. 
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Evidence for Tubular Reabsorption.— (i) In amphihia tlic course of 
tubular reabsorption can be followed by collecting fluid from different points 
along the course of the renal tubule. In this way it can be shown that: 
(a) glucose is absorbed in the proximal tubule ; (h) chhridc is absorbed in the 
distal tubule ; (c) acidification takes place in a short length of tlie distal tubule ; 
(d) after poisoning with phloridzin, glucose reabsorption ceases and the glucose 
concentration in the proximal tubule rises, proving that ^oatcr is reabsorbed 
there. 

(ii) In mammals it is comparatively easy to puncture the proximal tubule, 



Fig. 10. — ^Direct Inspection of Liwgj Mammalian Nephron, 

Surface view of guinea-pig kidney. The rounded interruption of the tubule pattern at 12 o’clock is a 
glomerulus. Indian ink has been injected into a single tubule segment and baa filled 3 coils of a 
proximal convolution shown at 7 o’clock. Other tubules visible are also probably proximal tubules. 
(Walker and Oliver, ±mer, J. PhyHol, 1941, 134.) 

commonly in its middle tliird (Fig. 10) ; very occasionally tlie distal tubule 
is struck. Following such an experiment, by an unbelievably skilful technique 
the entire nephron is dissected out, the exact point of puncture determined 
and measured off in relation to the entire nephron. The results are illustrated 
in Figs. 11, 12). 

{a) Ghcose is reabsorbed in the proximal tubule ; the absolute amount 
absorbed increases (up to a maximal level) as the plasma glucose concentration 
is raised. Phloridzin paralyses glucose absorption (Fig. 11). 

(6) Fflier.—Following phloridzin poisoning the glucose concentration 
half-way along the proximal tubule rises to threefold (which is about as far 
as the process can be traced) (Fig, 11) ; probably about 80% of the filtered 
fluid is reabsorbed in the proximal tubule. 
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(c) Creatinine. — Creatinine is neither absorbed nor secreted in the proximal 
tubule ; its concentration rises to the same extent as does that of glucose 
after treatment with phloridzin (Fig. 11). The rise in the creatinine con- 
centration in the tubular fluid 
is thus a measure of water 
absorption. 

{d) Chloride. — The chloride 
concentration in the flrst half of 
the proximal tubule normally 
rises only by xl*5 (and not 
X3, like creatinine). Tins proves 
that partial chloride absorption 
takes place here. In the rat the 
urinary chloride concentration 
may be lower than that of 
plasma ; this proves that the 
more distal parts of the nephron 
are mainly responsible for chloride 
absorption (Fig. 12). 

(e) Reaction. — The reaction 
becomes more acid owing to 
reabsorption of NaHCOg ; further 
acidification occurs in the distal 
tubule (pp. 94, 96). 

(/) Osmotic Pressure. — The 
osmotic pressure remains un- 
changed throughout the proximal 
tubule ; this means, of course. 
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that the fluid absorbed has the — Absorption of Glucose and Water in 

same osmotic pressure as the ' ^ ^ 

glomerular .filtrate. As both 
chloride and creatinine concentra- 
tion rise in the proximal tubule 
and the concentration is 

unaltered, the fluid which is 
absorbed, though isosmotic with 
the glomerular filtrate, is of differ- 
ent composition [i.e. it contains 
less chloride and more Na+ prob- 
ably as NaHCOg), thus acidi- 
fying the fluid. As the osmotic 
pressure of the urine may be 
substantially higher than that 

of the fluid in the proximal v i /t?* i 

tubule, further absorption of water must occur in the distal tubule (Fig. 12). 

Evidence for Tubular Excretion. — (i) As explained on p. 37, the 
high plasma clearance values obtained in man for diodrast (700 c.c.) prove 
that it is largely excreted by the renal tubules. 

(ii) In the case of the creatinine normally present in the plasma, the 
inadequate data available suggest that it is eliminated wholly by glomerular 


the Renal Tubules. 

Walker et al., Amer. 

134 , 687 .) 

Experiments on guinea-pigs and rats. 

Ordinate : concentration ratios between the fluid 
collected (by direct puncture) from Bowman’s 
capsule or .the proximal tubule, and plasma. 
1-0 means that the fluid and the plasma have the 
same concentration. 

Circles ; glucose in normal animal. , 

Black Squares ; glucose after poisoning with phloridzm. 

Blacle triangles ; creatinine ; the results are the same 
before and after phloridzin. 

Note that normally glucose is almost completely 
absorbed in the proximal tubule. 

After phloridzin, glucose and creatinine are con- 
centrated equaUy owing to absorption of water in 
the proximal tubule. , 

25%, 50 %» 75% represent points one-quarter, half, and 
three-quarters the distance along the proximal 
tubule. 
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filtration. If tlie blood creatinine is raised in man by intravenous injection 
of (exogenous) creatinine, the resulting creatinine clearance value may 



Fig. 12. — Changes in Sodium and Chloride Concentrations and in I’otal Osmotic 
Pressure as Glomerular Filtrate passes along Renal Tulmle. (Walker et al., 
Amer, J, Physiol, 1941, 134.) 


Ctrctes « Chloride ; Crosses »» Sodium ; Triani?JIes=OsmotiQ pressure, 

Vertical axis : Irfi^hand colimm, F/P= concentration ratio of tubular fluid/plasnia, Kiuht-hand 
coul^, : U/P=.concentratipn ratio urJne/plasma. 2;5%, ^0%, 7a% represent points one 
quarter half-way and three-quarters the way along the pJixVfi tubffio. ^ ^ 

proximal tubule in spite of absorption of 
increase in d concentration (indicating absorption of Isosmotic 
bnt Cl-poor flmd, containing perhaps excess of NaHCO.-i. S'Iir 




be 170 c.c. ; as it then exceeds tbe inulia clearance value (of 120 c.c.l, it is 
in part excreted by the tubules. 

It may be r^emphasmed, however, that uo other norrml plasma constitu- 
ent is excreted by the tubules. 


USE OF CLEAEANCE VALUES AND OTHER SPECIAL METHODS 
IN STUDY OF RENAL ACTIVITY 

Value. j-^e clearance value (C) of a plasma constituent is 
?Hch contams the amount of the constituent 

for f ^ imnute. Consider the clearance value 

urea (i^ea clearance) : plasma concentral^ion of urea (P) is 30 m<r-% • 
the amount of urea excreted in the urine in one minute (uj is S mg. ’ 

Clearance value (in c 100 20x IQQ 

' ' P S} ^ 

In other words 66 c.c. of plasma contain the amount of urea which is excreted 
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in the urine in one minute. The term clearance value is somewhat misleading 
because the plasma is not cleared of urea. Of 700 o.c. of plasma which flow 
through the kidney in one minute, the volume filtered out through the 
glomeruli is only 120 c.c., containing 36 mg. of urea of which only 20 mg, 
escape in the urine. The clearance value is thus a so-called ‘ ‘ virtual volmne ’ ’ ; 
it is the result of an arithmetical calculation. For all that, the determination 
of the clearance value for certain substances provides a measure of the volume 
of the glomerular filtrate and of renal efi&ciency. 

Inulin Clearance. Glomerular Filtration Rate.— The soluble poly- 
saccharide inulin is fiiltered out from the glomeruli in the same concentration 
as in plasma ; in the tubules the inulin is neither reabsorbed nor excreted. 
If these statements are true then the inulin clearance value is equal to the 
volume of the glomerular filtrate. 

Suppose the plasma inulin concentration (P) is 100 mg-%, and the inulin 
excretion in the urine per minute (U,^) is 120 mg. Then 


Clearance Value= 


U,nXl00 120X100 


100 


•=120 c.c. 


ARTERIAL 






GLOM. FILTRATE 
\2Q p.c./min. > 
INULIN CONCN. L 
lOOmg./lQO c-c. p! 
INUUN FILTERED " 


RENAL PLASMA FLOW 

/ TOO cc-pcr min. 
INULIN CONCN. 
!OOm9.per 100 cx. 
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i,e, 120 o.c. of plasma have been cleared of inulin. 

As inulin is assumed to be neither reabsorbed nor excreted in the tubules, 
the only way in which 120 c.c. of 
plasma could have been cleared of 
inulin is by the filtration of 120 c.c. 
of (protein-free) plasma through the 
glomeruli. In other words, the inulin 
clearance value (120 o.c.) is, as stated 
above, the glomerular fidtrate volume 
(Kg. 13). 

Evidence that Inulin is Elim- 
inated SOLELY BY GlOMEBULAB 
FiLTRATiON.^^Inulin is a soluble poly- 
saccharide with a molecular weight 
of 5000. If carefully and thoroughly 
purified it can be injected intravenously 
without ill effect. 

(i) In the frog direct examination 
shows that the inulin concentration in 
the glomerular filtrate is identical with 
that in plasma ; inulin is not excreted 
by the kidneys of aglomerular fishes. 

(ii) In man, alterations in the plasma 
inulin concentration {under conditions 
of constant glomerular filtration rate) 
do not affect the inulin clearance value. 

Thus, if the plasma inulin concentra- 
tion (P) is doubled, twice the amount 
of inulin is filtered out from the 
glomeruli, and twice the amount is 
passed out in the mine (Um) ; Si'S P and Um rise to the same extent the 
clearance value is unaltered 






\ / venous 
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INULIN EXCRETED 
IN URINE 
120 mg. per win. 

Fig, is. — of Inuhn Clearance a9 
Meaaiir© of Volnnie of Glomerolar 
Filtrate (Slome). 
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MEASUREMENT OF RENAL BLOOD FLOW 
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(iii) The clearance values for all substances eliminated solely by glom- 
erular filtration should be the same under constant conditions. In the dog. 
the clearance values for inulin, creatinine, and ferrocyanidc are identical 
proving that they are treated in the same way. In view of the highly selective 
character of both tubular reabsorption and excretion, it would be most im- 
probable that three such utterly diverse compounds would have the same 
value, unless in all three cases they were excreted solely by glomerular 
filtration. 

(iv) Phloridzin acts' directly on the renal tubule, paralysing its power of 
reabsorbing glucose back into the blood. After injection of phloridzin, 

the glucose clearance equals the 
simultaneously determined inulin 
clearance in the dog, indicating 
that both substances are treated 
in the same way {i.e, both are 
purely filtered). In man (after 
poisoning with phloridzin) the 
glucose/inulin clearance ratio is 
0*9 ; it is not unity because a 
full paralysing dose of phloridzin 
cannot be safely given, and so 
some glucose is still reabsorbed. 
The value is sufficiently near unity 
however to indicate that both 
substances are eliminated under 

^l^ese conditions purely byfiltra- 
(X) (in ilf an) compared with that of Inulin /Pi'n. 'j 

under Normal Condition (left) and after • ^ fhlond- 

treatment with Phloridzin (right). (Homer dog, , the clearance values 

^ioc^^\Physiology of tie Kidney, for inulin, creatinine, glucbse, 

xylose, sucrose, and ferrocyanide 

by filtration only ; if the ratio is over 1, it is also ora 

excreted by the tubules ; if the ratio is under 1 then Identical, ^X. they are all 

r^bsorption takes place in the tubules. After exclusivelv filtered 

phloridm the ratio in all cases (except urea) is rv J * • / 7 m 

approximately unity. ^ lo determine glomcrular filtr a- 

j . V • • • , volume in man a large initial 

dose of mu^ IS injected wMck is Mowed by a constant inulin infusion at 
compensates for the loss in the urine. A constant plasma 
mamtamed. Under these conditions the concentration in the 
hfi piitposes the same as in the arterial 

concentration m the plasma of venous blood (P) and the 
E • excretion per minute in the urine (U„) are determined. 

Glomerular Eiltrate=22^i^^ 

rena?bS®flnw*.«°^ Di^drast Clearance.-The 

Sns Rca^Ik^K cam be easily measured directly by various 

Sfnle fas noi f? determmed mirectly by methods based on the Pick 
o + 1 , ^ determmmg the pulmonary blood flow and oonse- 

Cco^£4atiofm°2V ?*• ^ respeerdy 

tne concentration m mg-% of a constituent (A) in the plasma of renal arterial 
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plasma concentration (of A) which is 


and renal venous blood ; let Um be the output in mg. of A in the urine per 
minute. Thus, 

100 c.c. of arterial plasma arrive at the kidney with P, leave with V, 
and lose P— V ; 

P— V is eliminated by 100 c.c. of renal plasma flow. 

100 

Ua, is eliminated by p — y x c.c. = renal plasma flow per minute. 

The term extraction rate is applied to the expression (P--Y)/P, and repre- 
sents the fraction of the arterial k\ 

excreted by the kidney (cf. co- 
efficient of utilization of oxygen 
(p. 413)). 

This method can be employed 
in animals using any conveniently 
determinable plasma constituent 
(A) ; it involves of course punc- 
ture of an artery and of the renal 
vein. In man, as renal vein 
puncture is impractical, this 
method can only be used when 
the degree of extraction is constant 
and is known. If the extraction 
from the plasma is complete, none 
of the substance A escapes into 
the renal venous plasma and 
V is 0; P-V=P-0=P; the 
formula for renal plasma flow 

then becomes simply 


ARTERIAL 


GLOM. FILTRATE 
120 c.c./iTjm. J D 

DIODRAST CONCN. / \ 
Img./I00c.c, 
DIODRAST 

filtered 
1*2 mg./ min. 


RENAL PLASIvlA FLOW 
700 cc.pei* min. 
DIODRAST CONCN., 

1 mg. per 100 c.c. 


-V-*..VEN0US 
PLASMA FLOW 
580 c.c/min. 
DIODRAST CONCN 
1mg./100 C.C. 
TOTAL 

DIODRAST FLOW 
5-8 mg./min. 


i.e. only arterial blood 



Tr.n.x. NO DIODRAST 

TOTAL DIODRAST im dfmal 

EXCRETION VEIN BLOOD 

IN URINE 
7 mg. per min. 

Fig. 15. — Diagram of Diodrast Clearance as 
Measure of Volume of Renal Plasma 

Flow. (Slorae.) 


p-v 
100 

p X U, 

and urine need be analysed. (As 
will be mentioned below, under 
suitable experimental conditions 
systemic venous blood can be used 
instead of arterial.) From a 
knowledge of the relative volume 
of plasma and corpuscles) the total renal Uood flow can be readily calculated. 

There is evidence that when certain dyes which are organic iodine com- 
pounds, e.g. diodrast (diodone), are injected into the blood to produce plasma 
concentrations not exceeding 5 mg. of contained iodine (or perhaps even 
15 mg.) per 100 c.c., they are completely, or almost completely, extracted from 
the blood during each passage tlmough the kidney. Let us assume a plasma 
diodrast concentration of 1 mg-% and a renal plasma flow of 700 c.c. per 
minute. 120 c.c. of glomerular filtrate are formed containing 1-2 mg. of dio- 
drast ; the remaining 580 c.c. of plasma reach the tubules ; their contained 
5*8 mg. of diodrast are actively excreted by the tubular epithelium from the 
blood into the lumen of the tubules. In this way all the 7 mg. of diodrast 
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originally present in the 700 c*c. of renai plasma flow are cleared from the 
blood (of. Fig. 15). If these statements are true, the diodrast clearance value 
is a measure of renal plasma flow.^ 

The practical procedure in outline is as follows : after an initial large 
injection of diodrast intravenously, its administration is kept up at a rate 
which just compensates for the loss in the urine ; under these conditions 
the systemic venom concentration can be used as equivalent for all practical 
purposes to the arterial concentration, as the concentration In the blood is 
maintained at a steady level. The diodrast excretion in the urine is simul- 
taneously determined. P (plasma diodrast concentration) and (urinary 

excretion of diodrast per minute) in the formuIa- ^”j^-— being known, the 

renal plasma flow is easily calculated. 

Tins procedure in man gives a renal plasma flow of 450-700 c.c. and a 
total renal blood flow of 900-1300 c.c. in relation to a standard surface area 
of 1*73 sq. metres. 

Simultaneous Detebmination of Inulin and Diobkasx Cleabance.^— 
To clarify the foregoing discussion data are given below from an experiment 
in man in which the inulin and diodrast clearances were simultaneously 

determined (using the formula — ). The results incidentally show 

that these clearances are unaffected by changes in the volume of urine flow. 
[The reader is advised to work out the calculations and check the clearance 
values set out in columns (7) and (8).] 



-rt?' M ethod of MEAStmmG Renal Plasma Plow. 

arterial diodrast escapes into the renal venous 
u!>fl00 clearance is only 90% complete, the use of the formula 

p gives a value for renal plasma flow which is 10% too low. Deter- 

venous blood in man gives similar 
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(ii) Tlie diodrast method measures the blood flow only to normally function- 
ing tubules. If the blood is passing to non-functioning tubules they do not 
clear the diodrast and that fraction of the blood flow is not revealed. If the 
blood were shimted through the medulla — thus mainly by-passing the cortex 
— ^it would not reach the epithelium of the convoluted tubules in the cortex 
which are responsible for secreting diodrast from the blood into the lumen 
of the tubule ; here again a fictitiously low value for blood flow would be 
obtained. This li 2 nitation of the diodrast technique is well shown in animal 
experiments on haemorrhage where the directly measured blood flow may be 
nearly twice as great as that calculated from diodrast clearance values. The 
same^error may occur in studies of patients with haemorrhage or shock. 

Ak will be explained on p. 40, it is possible to assess the functional state 
of the tubular epithelium by determining the maximal powers of the tubules 
to excrete diodrast (so-called tubular maximum or Tm). If the Tja is below 
normal, the tubules are probably damaged and the diodrast clearance probably 
gives a correspondingly misleadingly low value for renal blood flow. If the 
Tm is normal the diodrast clearance is probably a fairly reliable measure of 
renal blood flow. 

Urea Clearance.^ — The value for urea clearance was calculated on 
p. 35. The result given there, ix. 66 c.c. has the following meaning- If the 
glomerular filtrate is 120 c.c. per minute and the plasma urea level is 30 
mg-%, then 36 mg. of urea are filtered out per minute through the glomeruli 
into Bowman’s capsule. If 20 mg. of urea are excreted in the urine per minute, 
then 36—20=16 mg. of urea are reabsorbed into the blood per minute. 

Van Slyke’s Urea Clearance Test. — ^According to Van Slyke normal 
values for urea clearance are partly dependent on the rate of urine flow. 

(i) If the rate exceeds 2 c.c. 'per minute, the usual clearance formula 

^^XlOO represents the findings. He calls the result the maximal urea 
clearance (Ca) and gives the normal range as 60-95 c.c. (mean 75 c.c.= 

When the flow of urine is less than 2 c.c. per minute he uses the formula 

Urea % in urine x urinary volume per minute _ U x 
plasma urea concentration P 

The result is the standard clearance (Cs) and the normal range is 40-65 c.c. 
(mean 54 c.c.=100%). 

Whatever may be the physiological interpretation of these clearance values, 
it is claimed by Vai?i Slyke that urea clearance [expressed as a percentage of the 
mean normal values) is a reliable, if empirical, index of the functional state of 
the kidneys. 

Thus, in a series of cases of kidney disease, when the Cs fell to 50% there 
was no change in blood urea ; with Cs between 20 and 40%, in more than half 
the cases the blood urea was unaltered ; only when the Cs was below 20% 
did nearly all the cases show an elevated blood urea. Similar results were 
obtained from a study of the blood creatinine ; only when the Cs fell below 
20% did the blood creatinine exceed the upper normal limit of 2 mg. per 

1 Peters and Van Slyke, QuantitaMve Cliniccd Chemistry, Interpretation, 1, i, 2nd edn., 
1946, 840. 


100 %) 

(ii) 
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100 c.c. When the nrea clearance falls below 5% (of the norma,]), uncmic 
symptoms are present ; above 10% these symptoms an‘ absent. 

The clearance test is carried out as follows : tln^ nrim^ is eoll(‘(r|,e.(l for 
two one-hour periods ; at the end of the first, blocxi is collected ; the volume 
of urine, its urea concentration, and the plasma un^a concentration are 
determined and the appropriate calculations made. 

General Significance of Clearance Values.— (i) When a substance 
is filtered out in the glomeruli and is neither reabsorbed nor ex(;reted in the 

tubules, its clearance value equals 
the volume of glomerular filtrate. 
This is true of inuKn, 

(ii) When a substance is filtered 
out in the glomeruli and is reab- 
sorbed in the tubules, its clearance 
value is less than the volume of the 
glomerular filtrate, i,e. it is less than 
the inulin clearance value (cf. urea 
clearance, p. 39). The more com- 
pletely the substance is absorbed, 
the lower is its normal clearance 
value. 

(iii) When a substance is filtered 
out in the glomeruli and is also 

° excreted by the tubules, its clear- 
ance value exceeds the glomerular 
filtrate and thus exceeds the inulin 
clearance value. The more exten- 
sively it is excreted in the tubules 
the higher the clearance value. If 

amuuuu uiueieu m a substance is completely cleared 

from the plasfm, Us dmmnce value 

of “v1drV?XmrieVrf fjasmajlow. 

15-20 mg. of diodrast I, maximum excretion is Determination of Tubular 

“8-/min./i-73 sq. m. Exctetory Power. - Tubukr ex- 
, J.T. . 1 . . cretion, like tubular reab^orption, 

depends on the vital activity of the living epithelial cells. Clinically the 
maximum power of the tubules to excrete foreign substances {e,q. diodrast) 
can be readdy determined and is called tbe or tvbuUr excretory 
mmum). Thus “ iodrast T^ » means tbe maximal power of the 
excrete diodrast. This is determined by raising the plasma 
"ki "'^ell ohove the level at which complete extraction is 

dio^^ast excretion is 
amo^t of diodrast filtered (F^) in tbe glomeruli is 
iiW fi diodrast concentration and tbe volume of glomer- 
ular filtrate (— inubn clearance value) and is deducted ; then T„=tL— F„. 

man the maximal diodrast output 
of funcfiom^n'foh P^^.^^hiute. The T^ value is related to the number 

; it is therefore regarded 
T for It is uncertain to wbat extent tbe 

T„ for one substance is a guide to tbe T„ for other unrelated substances, as 


20 30 40 50 

PLASMA lOOiNE (m9.%) 

Fig. 16.— Maximal Tubular Excretion of 
Diodrast Iodine by Kidneys in Man. 
(Redrawn from White et oZ., Proc, 8oc. 
exp, Biol. Med., 1943, 43, 13.) 

Diodrast expressed in terms of its iodine content. 
Ordinate : tubular excretion of diodrast {i.e. total 
excretion in urine (Um) minus amount filtered in 

crlnT«ot*nli e* * 
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specific mecfianisms may be concerned in tbe excretion of each substance or 
group of substances. Similarly, it is uncertain whether the excretory is 
a guide to the reahsor'ptive powers of the tubules. In general, however, a 
rnarked decrease in represents a decrease in the nuynher or the general efficiency 
of the renal tubules (or both combined). 

Notion of Tia Applied to Glucose Reabsorption. — The notion of 
can be usefully applied to the treatment of glucose by the renal tubules. 
The following results were obtained in a dog on progressively raising the 
plasma glucose concentration. 


Plasma glucose 

nig-% 

Glucose filtered 
in glomeruli 
mg./minute 

Glucose lost 
in urine 
mg./minute 

Glucose 

reabsorbed 

mg./minute 

(1) 

126 

145 

0-15 

145 

(2) 

238 

267 

2-2 

265 

(3) 

437 

499 

229 

270 

(4) 

1234 

1494 

1212 

282 


Initially as the plasma glucose rose above its normal value all the glucose 
filtered in the glomeruli was reabsorbed (Table, (1)). But there is an upper 
limit to the absolute amount of glucose that can be absorbed in unit time ; 
in this experiment it was 280 mg./minute. When the absolute amount of 
glucose filtered out exceeds this value, the balance is lost in the urine (e.g. 
Table, (3) and (4)). The glucose reahsorption T^ (or Tm^) in this dog was 
thus 280 mg. In man the Tm^ is thought to be 300-350 mg. per minute. 
The relation of Tma to clinical glycosuria is fully discussed on p. 927. 


STRUCTURE OF PITUITARY GLAND [HYPOPHYSIS].^ RELATION 
OF NEURAL DIVISION [NEUROHYPOPHYSIS, POSTERIOR LOBE] 
TO REGULATION OF WATER AND ELECTROLYTE BALANCE 

The pituitary body consists of two parts — a neural and a glandular 
division — which, from the standpoint of development, structure, and functions, 
are entirely distinct organs ; it is not clear why they haye^ corne to be so 
intimately associated anatomically. The structure of both divisions is described 
below. The functions of the neural division will then be discussed in detail 
as it is intimately related to the control of water and electrolyte balance. 
The functions of the anterior lobe are considered on pp. 930 et seq. 

Structure of Pituitary Gland (Figs. 17 and 18).— (1) Neural 
Division (Neurohypophysis). — the neural division includes the pars 
nervosa, the infundibular stem (pituitary stalk), and its continuation into 
the floor of the third ventricle, called the median eminence. The structure 
of all three parts of the neural division is identical ; the outstanding feature 

1 For general reviews of the pituitary, see Assoc. Res. nerv. ment. Dis., Pituitary 
Gland, 1938. Van Dyke, Physiology and Pharmacology of Pituitary Gland, Chicago, 193b, 
1 • 1939, 2. Pincus and Thimann, The Hormones, N.Y., 1948, 1 ; 194=9, 2. 

2 * 
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is the very rich supply of non-medtdlated neroe fibres (Figa. 17, 23) which 
arise in the hypothalamus, mainly in the supraoptic nuclcua. Numerous 
modified neutogha cells (called pituicytes) are present (Fig. 19), with branching 
processes and nuclei staining with cresyl violet ; their sigmficaiice la un- 
known. There is a rich capillary blood supply. The absence of ciuthelial 
or glandular-looking cells is noteworthy in an organ of provc<l internally 
secreting functions (of. p. 48). The neural division develops as an out- 
growth from the floor of the third ventricle (i.e. it is modified nervous 


HO y • 

(2) Glandular Division [Adenohypophysis].— The glandular division 



Fig. 17. — ^Diagram of a mid-sagittal section through the hypothalamus and hypophysis 
of the cat, showing the two divisions of the hypothalamo-hypophyscal tract, i.e. the 
supraoptico-hypophyseal and the tubero-hypophyseal. The obliquely striped circle 
indicates the position of a ty^pical lesion designed to produce diabetes insipidus. 
(Fisher, Ingram, and Hanson, Diabetes Insipidus, Edwards Bros, Inc., Ann Arbor, 
Michigan, 1938.) 

Interg. cleft e.mterglaiidTilar deft; Pars aiit.>apars anterior; Post-hypothaL, Ant.-bypothal.« posterior 

and anterior hypothalamus. 

develops from the primitive mouti ca-vity {stomodoeum ) ; it usually consists 
of tliree parts : (i) pasrs anterior, (ii) pars inUfmSdia (absent in certain species, 
and very small in man), and (iii) pars tuberalis (rarely found in man), 

(i) The pars anterior is large, compact, and highly vascular ; it consists 
of cells arranged in nests or columns surrounded by connective tissue. The 
cells are of two kinds (Plate I) : 

(a) Chromophobe, without affinity for dyes. 

(b) Ohromophil, which stain readily and are subdivided according to the 
character of their granules into eosinophil cells which stain with eosin or acid 
fuohsin, and baso^il cells which stain with hsematoxylin* 

The functional significance and mutual relation of these various elements 
is still obscure ; the chromophobe cells may be the undifferentiated non- 
secreting precursors of the two kinds of ohromophil cells, '^en the latter 



PLATE i 



SECTION OE PARS ANTERIOR OF NORJVIAL HUIVIAN PITUITARY GLAND ( x 450) 

The columns of cells surrounded by the sinusoids are clearly shown. The staining method 
used (erythrosin -orange G-Toluidene-blue) shows the three types of cell : (a) chromo- 
phobe, (d) chromophil (oxyphil) and (c) chromophil (basophil) cells. 

Roassy and Oberling. “Contribution a I’Etude des Tumeurs Hypophysaires,” 
La Presse Iledicale. 


[Facing page 4^ 
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Fig. 18. — ^Huinan Pituitary Claud (Sagittal Section). (From a drawing 
by Prof. J. H. Woodger.) 

A<<-*paT8 anterior. I=pars Intennedia. In this specimen it is represented only by three small clamps of 
cells, b (densdy stippled) « region of pars anterior which Is free from eosinophil cells. The less 
densely stippled region Of the pars anterior Contains the eosinophil cells. P»apars nervosa ; S =fitalk 
o =fccell8 in the stalk resembling those at 6 in the anterior lobe ; u «capsiile. Blood vessels are indicated 
in solid black (except the smallest capillaries wMch are not shown). There is no pars tuberalis present. 


A B 



Fig, 19. — Histology of Para Nervosa. (Fisher, Ingram, and Ranson, Diabetes Insipidus 
Edwards Bros. Inc., Ann Arbor, Michigan, 1938.) 

A. Transverse section through pais nervosa of normal cat. Cresyl- violet stain. ]Sr»pars nervosa, Showing 

nuclei of pitulcytesi I (at upper margin of section) «pars intermedia. 

B. NdiPto&l pars aervosa (hlghef tnagflifleation), sho^wng the pitt^ytes (p). The long processes of the 

pituicytes and ^hal dbres can also be seen. Fmiheld del ]uo*-Bort^a silver carbonate stain. 
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NEURAL DIVISION (POSTERIOR LOBE) 

discharge their secretion they lose their granules and are then sup[>()scd to 
revert to the chromophobe phase. 

Useful information can be derived from a study of th(‘ elVeei.s of innocent 
tumours (adenoma) arising from the different kinds of (‘ells. Chromophobe 
cell tumours are associated with signs of hy])opituita,rism (p. DIO) ; this 
observation suggests that the chromophobe cells ot tlu^ taimour loriu no 
internal secretion but mechanically destroy the secreting elements in the 
intact part of the gland. In acromegaly (p. 941) tumours of the eosinophil 
cells are almost constantly present. The eosinophils probably form growth 
hormone and prolactin. Changes in the basophil cells occur in Cushing’s 
syndrome (p. 965). [See also pp. 980, 1085.] 

Although very few nerve fibres have been traced to the pars anterior 
there is persuasive evidence that its secretory activity is controlled in part 
by the central nervous system (p. 931). 

(ii) The pars tuberalis (see Fig. 17) is difficult to demonstrate in man, 
though it is conspicuous in the cat where it embraces the infundibular stem 
and extends to the hypothalamus. When present the pars tuberalis consists 
of numerous vesicles lined by basophil cells ; the vesicles contain coagulated 
fluid and cellular elements which are probably derived from the degeneration 
of the surrounding cells. Its functions are unknown. 

(iii) The pars intermedia is a thin, poorly vasculariz:ed tissue of variable 
structure. In man such little intermedia tissue as is present lies in the pars 
anterior and consists of densely packed basophil cells. In some species the 
intermedia is absent. The role of the pars intermedia in mammals is un- 
known.^ 

Anatomically the pituitary is divisible into an anterior and a posterior 
lobe. The anterior lobe contains the pars anterior of the glandular division ; 
the posterior lobe contains the pars nervosa of the neural division. 

The Neural Division (Posterior Lobe).^ — The neural division has two 
functions : 

(i) It secretes the antidiuretic hormone which controls the secretion of 
urine by the kidney and thus regulates the water and electrolyte balance of 
the body fluids. 

(ii) It (probably) secretes the oxyU>cic hormone {oxytocin) stimulates 

the uterus, especially during parturition. It is believed that oxytocin may 
be normally related to the onset and progress of parturition. Oxytocin is also 
probably secreted during lactation and promotes the discharge of milk from 
the breast. 

Extracts of the posterior pituitary contain these two specific hormones. 
A higWy potent preparation of each of these hormones has been isolated 
which is contaminated to only a small extent by the other. In physiological 
concentrations the antidiuretic hormone and oxytocin act exclusively on the 
kidney and the uterus (and breast) respectively. In large doses (^.6. far 
larger than are secreted in the body) the antidiuretic hormone produces 

^ In amphibia and certain fishes the pars intermedia forms a hormone which expands 
the pigment- bearing cells {melanophores) in the skin. After hypophysectomy the pigment 
cells contract and the skin becomes pale ; pituitary extracts cjause the cells to expand 
and the skin consequently darkens. 

* Fisher, Ingram, and Ranson, Diabetes Insipidus and N euro-hormonal Control of 
Water Balance, Ann Arbor, 1938. Harris, Physiol Rev., 1948, 28, 139. Stehle, Vitamins 
and Hormones, 1949, 7, 383, 390. 
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striking circulatory effects. Whole post-pituitary extracts also act on smooth 
muscle in many parts of the body. The actions on the circulation and smooth 


muscle are purely of pharmaco- 
logical and therapeutic interest 
and dO' not represent functions 
of the neural division. 

Actions of Posterior Pitui- 
tary Extracts. — The main 
actions, as explained above, are 
on (i) the kidney, (ii) the uterus, 
(iii) the breast, (iv) the circula- 
tion, and (v) smooth muscle. 

(1) Action on Kidney 
(Antidiuretic Hormone). — 
(i) In man on a normal water 
intake the flow of urine is slightly 
diminished by post-pituitary ex- 
tracts (Fig. 20). 

(ii) The most convincing way 
of demonstrating the antidiuretio 
action is as follows : induce a. 



0123456789 


HOURS 

Fia. 20. — Inhibitory Action, of Post-pituitary 
Extract, “ Pituitrin,” on Normal Urinary 
Output in Man. (John Marks, J, Physiol, 
1944.) 


diuresis by drinking a large 
volume of water ; injection of 
the antidiuretic hormone at the 


Shaded area : range of hourly output of urine (in c.c. 

per hour) during control period. 

At arrow : inject 5 units of posterior pituitary extract. 
Not e decrease in urinary output below control minima 


height of the diuresis temporarily cuts down the flow of urine to “ resting” 

levels. Alternatively the anti- 
diuretic hormone is injected while 
the water is being drunk; the 
injection then delays for periods 
which may be as long as 6 or 8 
hours the onset of the usual 
diuresis (Fig. 21). : , 

(iii) The antidiuretic hoi^ne 
probably acts directly on the renal 
tubules stimulating the reahsgrjption 
of water ' and so decreasing the 
volume of urine formed. The 
hormone in physiclogical doses has 
no effect on the renal circulation 
HOURS " " or in fact on the circulation any- 



Fig. 21. — ^Antidiuretic Action of Post-pituitary where. 

extracts. (Samson Wright) (iv) Deficient secretion of anti- 

A. Ingestion of 1760 c.c. of water on empty stomach, diuretic hormone is responsible 
There is a rapid onset of diuresis ; about. 1900 c.c. « , j. 

are excreted in the urine in the next 3 hours. lOr the disease known as aiaoetes 


B. Ingestion of 1200 c.c. of water combined with an whinh is characterized 

iJjeotion (intramuscularly) of 5 units of posterior WSljmus WJUOn IS cnaracieri^eu 

pituitary extract (antidiuretic hormone =ADH). by the passage Ol , a very large 
Diuresis was delayed fpr 4 hours. volume of very dilute urine (p. 49). 

(2) Action on Uterus (Oxytocic Action). — The effects of oxftocm 
depend on the species and the state of the uterus. In the guinea-pig, oxytocin 
contracts the isolated virgin uterus suspended in oxygenated Einger-Locke 
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solution ; this preparation is generally used for the assay of the oxytocic 
potency of pituitary extracts. In non-pregnant women oxytocin has a feeble 
stimulating action on the uterus during the first half of the menstrual cycle 
and a somewhat more marked effect during the second half ; oxytocin 
cannot pioduoe abortion in pregnant women except occasionally late in 
pregnancy when it is administered combined with quinine and purgatives. 
But during the second stage of labour oxytocin powerfully increases uterine 
contractions and helps to expel the foetus ; later, it aids the expulsion of 
the placenta. It also stimulates uterine contractions during the puerperium 
(Fig. 22). Oxytocic hormone is probably secreted normally by the neural 
^vision during labour (p. 1091). . ,, i , 

(3) Actioit on Breast. — ■Oxytocin produces contraction of the circularly 

arranged myoepithelium 
which surrounds the alveoli 
of the breast, thus expelling 
the contained milk into the 
ducts which are simultane- 
ously kept open by contrac- 
tion of their longitudinally 
arranged inyoepitheM layer 
(of. ]p. 1094). Oxytocin does 
not increase the amount of 
milk formed, but it helps 
the expulsion of the milk 
which is already present in 
the breast. 

(4) Action on Circula- 
tion. — The effects to be 
Pia. 22.^Actioii of Post-pitoitary Extract (Oxytocin) described bere and in (5) do 
on Hainaii. Uterus. (Moir, Sdin, «e<i. 1934.) twt represent physiological 

R«(scie of movements pf hwuan uterus at the end of the tot actions exerted by tbe eland 
week of the puerpe^iwh, obtsiined with 9> bag introduced • . i, i, j *' ^ 

Into the interior of the uterus. Ordinates ^intr^-uterine m tJHe DOay. 

pressure In inro. Hgj Abscissa *^tinie in minutes. The /i\ Tn AuiTYiflls 

uterus had previously been quiescent for a long time. At VV dmmaiS nne 

the arrow, 10 nnita of ppsteilor pituitary extract (con- rate 01 txie Jieart 10 dimm-' 

&itt^onr^ ished, partly reflexly owing 

to tbe rise of blood pressure, 
and partly by a direct peripheral action ; tbe effect on tbe foroe is variable. 
The coronary arteries are constricted. Tbe human heart is slowed ; tbe effect 
on tbe force is not known. 

(ii) Blood Vessels, arterioles in animals are contracted by a direct 
peripheral action on their walls ; after a variable initial change the UooA 
pressure rises gradually to a considerable height and declines equally slowly. 

In the human subject, subcutaneous or intramuscular injection of 5-10 
umts of post'pituitary extract produces variable effects on the blood pressure. 
The pressure sometimes rises slightly ; muoh more usually a fall is obtained, 
which may be 20 mm. Hg or more in extent. The most marked circulatory 
effect in man is a direct action, not on the arterioles but on the capillaries^ 
which contract vigorously. This observation makes the fall of blood pressure 
particTjl^ly difficult to explain. With subcutaneous injections, local pallor 
of the skin results from local active capillary constriction. With intramuscular 
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injections, more generalized capillary constriction occurs affecting especially 
the skin of the face (p. 322). 

(5) Other Organs. — "WTiole post-pituitary extract stimulates smooth 
muscle widely throughout the body ; this action is a direct one and is in- 
dependent of the integrity of the nerve supply of the tissues concerned. The 
smooth muscle of the bladder and of the small and large intestine is stimulated. 
The action on bronchial muscle is still in dispute ; probably it is relaxed. 

Nervous Control of Neural Division. — ^As already mentioned (cf. 
Fig. 17), the neural division receives many nerve fibres (aU non-myelinated) 


A B 



Fig. 23. — ^Degeneration of Snpraoptico-hypophyseal Tract after appropriate Hypothalamic 
Lesion. (Fisher, Ingram, and Ranson, Diabetes Insipidus, Edwards.) 

A. Sagittal section through ventral wall of toflmdibular stem of hyrophysls of normal cat stained ^th 

pyiidine-silver to show the dCMity of the non-mednllated nmes constituting the snpraoptieo- 
hypophyseal tract. 

B. Section of infundibular stem of cat with experimental diabetes insipidus showing degeneration of the 

fibres of the supraopfico-hypophyseal tract. Only a ‘few abnormal-looking fibres have survived. 

from the hypothalamus, chiefly from the supraoptic nucleus and the tuber- 
cinereum. [Some fibres may also pass into the pars intermedia.] The fibres 
are well displayed in Fig. 23, A as they run through the Mundibular stem ; 
in Fig. 24, A they are seen to form a dense plexus of fibres in the p^s nervosa 
itself. K the nerve tracts are severed by a suitably placed lesion in the hypo- 
thalamus these fibres imdorgo degeneration throughout their course : Fig. 23, B 
shows the disintegration of the fibres as they run through the infundibular 
stem ; in Fig. 24, B practically all the nerve fibres in the pars nervosa have 
disappeared. The neural division also undergoes other important changes : 
it atrophies markedly (Fig. 25) ; the pituic;^es disappear : and there is a 
’great increase in cellnlarity (Fig. 24, B) owing to the development of new 
tissue, the nature of which is not understood. 

The secretory activity of the neural division is wholly under nervous control. 
Following the nerve lesions just mentioned hormone fornaation and secretion 
ceases. Extracts of the atrophic denervated gland display no antidiuretio 



Fig, 24 — Degeneration of Pars Nervosa in Experimental Diabetes Insipidus. (Fisher, 
Ingram, and Hanson, Diabetes Irmpidus, Edwards.) 

A. Transverse section through pars nervosa of monkey (normal) showing dense plexus of non-medullated 

fibres, 

B. Transverse section through atrophic pars nervosa of monkey resulting from hypothalamic lesion 

interrupting its nerve supply. (The animal suffered from experimental diabetes insiiddus.) Note 
the marked hypercellularity. All the nerve fibres have disappeared except one in the upper left-hand 
comer of thejfleld. Pyridine-stiver stain. ■ 

It seems strange at flpst sight that a tissue completely devoid of glandular 
cells should be capable of forming several hormones. But this objection from 
histology is less ^sturbing in view of the release of specific chemical trans- 
mitters at nerve endings which also contain no glandular tissue. The neural 





Fig. 25.— Changes in Pituitary in Experimental' Diabetes Insipidus. (Fisher, Ingram, and 
Hanson, Diabetes InsipidttSy Edwards.) 

hypophysis (cat), Cresyl-violet stain. A -para anterior ; I-pars 
mtemaedia, N— pars nervosa ; C=» central cavity of pars nervosa. 

hypophysis of cat with ex^rimental diabetes insipidus. Note the 

the central cavity, and 
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division may perhaps be regarded as eqidvalent to a massive nerve ending 
forming hormones exclusively under nervous influences ; these hormones do 
not act locally (like the usual chemical nerve transmitters) but enter the blood 
stream and produce widespread and manifold effects. 

Relation of Neural Division to Diabetes Insipidus. — ^Diabetes 
insipidus in man is a disease characterized by an increased urinary output 
which commonly exceeds 10 litres daily ; a daily secretion of 40 litres has 
been recorded. The urine is very dilute but contains no abnormal con- 
stituents. The condition should not be confused with diabetes mellitus, in 
which the polyuria is associated with glycosuria. 



sets in about one day before the onset of the polydipsia. 


Experimental Diabetes Insipidus.— This condition, develops in cats 
and monkeys when lesions are produced in the hypothalamus mterruptmg 
bilaterally 'the pathways from the supraoptic nuclei to the pitiptery.^vlJ^ 
lateral leaons, or injuries which spare these tracts, do notgive-Hse to polyuria. 
The severity of the symptoms is proportional to the completeness of destruc- 
tion of the relevant nerve flbres. ^ ^ • r . IAA T? 

The normal daily urinary secretion m a cat is about 100 c.c. hollo'^^g 
an appropriately placed lesion there is (i) an initial transient polyuria (lastmg 
about 5 days), (u) foUowed by the return of the urinaY flow to 
level ; the mechanism of these two phases is not understood , (n) after 10 14 
days a lasting polyuria develops, the so-called >perrmnent phase of diabetes 
insipidus, which is due essentially to lack of antidiuretic homone (Fig. 26) , 
the^urinary output may then be 450 c.c. daily. Owing to the polyuna great 
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MECHANISM OF PERMANENT POLYURIA 

thirst develops which leads to ingestion of large quantities of water (polydipsia) 
to TnflVft good the water balance of the body. The cxpenmeutal state of 
diabetes insipidus persists with fluctuations tor months ; had tlic auimals 
been allowed to survive the condition might have continued indefinitely. 

Michanism or Permanent Polyuria.— The polyuria is due to kck of 
o^tidiuTotic hormoTiO) ctssodatod with the 'presoTice of <i‘ti vutuct o^'OteTioi’ lobe. 
Lack of antidiuretic hormone prevents adequate reabsorption of water in 
the renal tubules. The evidence is as follows : 

(i) It has abeady been pointed out that the neural division after section 
of its nerve supply is (a) atrophic (Pig. 25), and (6) devoid of its usual store 
of hormones. T.ike the adrenal medulla, the neural division only forms its 
hormones or secretes them when its nerve supply is intact. 



Fig, 27. — ^Treatment of Clinical Diabetes Insipidus with Posterior Pituitary Extract* 
(After Christian, &6m Secretion of Urine, Longmans, Green & Co., 1926.) 

Ordinate : Daily volume of urine in child with diabetes insipidus. Abscissa : Time In days. 

During the period indicated “pitultrin ” wa-? injected subcutaneously, at first 0*25 c.c. thrice daily, later 
0*05 C.C. twice daily. The average volume of urine fell from 6 litres to 2*5 litres dally and rose again 
when treatment was discontinued. 

(ii) R^movdl of tie posterior lobe siould on this theory regularly produce 
diabetes insipidus ; actually, polyuria commonly occurs but not invariably. 
The reasons for the exceptions are twofold : (a) removal of the pars nervosa 
still leaves jbeb^d histologically identical tissue in the infundibular stem and 
the median eminence ; the persistence of as little as 5% of the tissue of the 
neural division can maintain the resting urinary output within normal limits. 
(6) The operation may involve coincident damage to the anterior lobe or 
interference with its blood supply. 

(iii) Clinically, diabetes insipidus occurs with lesions of the posterior lobe, 
bnt Qidy when the anterior lobe is intact wholly or partially. In one case of 
posterior lobe tumour the polyuria diminished as the disease progressively 
encroached on the anterior lobe. 

(iv) Total hyjpophysectomy does not cause diabetes insipidus ; on the 
contrary the diuresis following water drinking becomes markedly delayed, 
the excess water being excreted in 24 (instead of 3) hours. 

(v) The polyuria of both experimental and clinical diabetes insipidus 
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can be completely controlled by suitable doses of posterior lobe extracts 
(antidiuretic hormone) (Fig. 2'/). 

Clinical diabetes insipidus is likewise due to lack of antidiuretic hormone 
resulting from (i) injury or disease of the secreting tissue {i.e. the neural 
division and especially the pars nervosa.) or (ii) from degeneration and 
cessation of activity of this tissue as a result of cutting off its nervous 
control from the hypothalamus owing to suitably situated lesions in that region. 

Role of Anterior Piiwtory,— The relationship of the anterior pituitary to the 
kidney is obscure. Following total hypophysectomy (in dogs) glomerular filtra- 
tion rate, renal plasma flow and maximal diodrast excretion are all markedly re- 
du< 3 ed and water ^uresis is delayed ^ (cf , p. 930) . Some conclude that the anterior 
lobe secretes an unidentified diuretic hormone ; others suggest the anterior lobe 
acts more indirectly by its complex effects on general metabolic processes. 
Injection of pure ACTH (p. 964), however, causes water and salt retention. 

Role of The thyroid gland may also be related to the disease. 

Thyroidectomy reduces the urinary flow in diabetes insipidus, though not 
to the pre-operative level. If thyroid extract is then administered the urinary 
flow increases enormously and may persist at a high (though not at the peak) 
level for a long time after the extract is discontinued. Thyroid extract has a 
diuretic action in normal subjects \ the urma^y flow is diminished in myxoe- 
dema. AU these observations indicate that the thyroid may influence renal 
secretion, probably not directly by an action on the kidney, but through its 
influence on metabolic processes in general. 

Role of Antidiuretic Hormone in Tubular Reabsorption.-^The facts set 
out above show that the antidiuretic hofmone is responsible for only a 
portion and not the whole of the reabsorption of water in the renal tubules. 
Thus in man about 170 litres of capsular fluid are normally filtered out from 
the glomeruli in 24 hours, of which 168-5 litres are reabsorbed into the blood 
and 1-5 Utres escape as urine (cf. p, 28). The maximum urinary output 
in the most severe cases of diabetes insipidus is about 40 litres, indicating 
that about 130 litres of water are still reabsorbed. Similar results are also 
obtained in the experimental disease. / * o mi 

Regulation of Secretion of Antidiuretic Hormone (APH).^—- The 
secretion of this hormone is regulated — 

(i) By the emotional state : exercise, anger, fear, and nocuous afferent 
stimulation increase the secretion of APH. 

(ii) Mainly by the crystalloid osmotic pressure of the plasma. Changes m 
this osmotic pressure specifically affect sensitive receptors (osmoreceptors) 
lying in the distribution of the internal carotid artery ; from these receptors 
impulses pass up to the hypothalamus and thence to the neural ivision 
modifying the secretion of ADH. Increased osmotic pressure h^er* 
tonicity of the plasma) increases, and decreased osmotic pressure {^.e. hypo- 
tonicity of the masma) decreases the secretion of APH^ 

In the experimental study of the factors controlling the secretion of 
antidiuretic hormone, its release is demonstrated and the amount is assayed 
by the effect produced on a baoJeground of diuresis induced by water drinkmg. 
The experimental findings are reviewed in detail below. 


1 Piokford and Watt 
® Verney, jProp. roy. 


, J, Evdrodn., 1950, 5, 398. 

Sgc, -B,, 1947, m, 26. O’Cennor, Quart. 


J* eafp, Phymh 1950, 
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Fig. 28. — Effect of Exercise on Flow of Urine. (Bog). (Vemey, Lancett 1040, ii, 740 ) 

Curve C; At 0, administer, 250 c.c. of water by mouth. Note the resultinfi diuresis 
Curve B : Bepeat water jinking, but during, ^^(double arrows) the animal carried out “ sta tionary running" 
on a platform mdving at 6 miles per fiddx: Note the transient inhibition of the diuresis. 



Fia. 29.— Effect of Emotion compared with that of Injection of Antidiuretic Hormon v 
on Flow of Urine. (Bog). (Verney, Lancet, 1946, ii, 743.) 

Both kidneys and .^e left adrenal had been denervated and the right adrenal removed. 

Curves C and B show the diuretic response to water drinking at 0. 

At the apow B on curve C, 6 x 10-4 c.c. of post-pituitary extract (10 uuits/c.c.) were injected intravenously. 
Note the antidiuretic effect. 

angered by noise. Note the remarkable 

similarity of the resulting antidiuretic effect with that produced by post-pituitary extract 
At the arrows a, b, c, d, samples of urine were collected and analysed with the following results*: 

d I 


NaCl Urinary N 


10 130 

I 6 100 

le dilution of the urine 
(sample d). 




a 


b 


c 


NaCl 

Urinary N 

NaCl 

, Urinary N 

NaCl 

Urinary N 

Curve C . . 

130 

430 

10 

110 

80 

240 

Curve B . . 

160 

320 

15 

150 

70 

210 


Urinary NaCI and Urinary N are expressed as mg. per 100 c.c. of urine. Note tl 
at the height of the diuresis (i.c. sample b) and with the return of the diuresis 
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1. Effect of Emotional States and Exercise. — If exercise is carried 
out at the height of water diuresis the flow of urine is temporarily cut down 
(Fig. 28). This antidiuretic effect is still obtained in animals after severing 
the sympathetic supply to the kidneys and denervating the adrenals (Fig. 29) ; 
it is thus not due to reduced renal blood flow resulting from sympathetic 
overactivity or adrenaline secretion ; in fact, direct measurement shows that 
no decrease in renal blood flow takes place. The antidiuretic effect is not 
due directly to the muscular activity, because if the animal is repeatedly 
exercised the antidiuretic effect dwindles and is finally extinguished. The 
effect is due to the emotional concomitant of the exercise : a similar anti- 
diuretic action is readily produced 

by fear, anger, or nocuous stimula- 

tion. The Mowing obsepations , inject io-Sc.c.oF l.S%NaCl 

show that the antidiuretic eiiect ^ ^ into left carotid artery - 

in these circumstances is due k • 

release of ADH : 5 ^ n /\ 

(i) An exactly similar effect in 3 V \ 

extent and time course can be . ^ ^ \ 

produced by injecting an appro- ^ b \ 

priate dose of ADH ; this amount ^ ^ 2 - \ “ 

is presumably equal to the quantity q \ 

released by the gland in the ex- \ 

perimental procedure (Fig. 29). k 1 " \ f 

(ii) The antidiuretic response ^ N/ 

produced by emotional disturbance , , i • 

is diminisbed by removal of tbe ^ 

neural division to an extent which TIME (minutes) 

is proportional to tbe amomt 3^ of Intra-arterial Injection of 

of neural tissue removed, Hypertonic NaCl Solution on Flow of 

removal of the posterior lobe Urine. (Dog.) (Verney, Proc, roy Soc. 5., 

only (in the cat) the response 1947 , 135, 59.) 

is cut down to 10% or less, the ^he abscissa shows time in minutes after drinking a 
small effect that is still obteined 
being due to persistence of tbe 

infundibular stalk and the median diuresis owing to secretion of antidiuretic hormone. 

Emotional states or nocuous stimulation presimably act on tbe neima 1 
division via tbe bypotbalamic nuclei (of. p. 663). Tbe to tbe orgasm 
ot tbe antidiuretic response is not clear, but it would tend to conserve wa r 

in states of stress and danger. ^ ,1 -a Pr^wiire 

2. Effect of Changes in Plasma Crystalloid Osmotic Pressure. 

(1) Effects of Eaised Osmotic Peessurb.— Injection into tbe carotad 
artep of a bypertonic NaCl solution Produces an immediate antiimetic 
respoLe (Fig. 30) ; using tbe methods described above, can be s^own to 
be^due to release of ADH. Tbe effective stimulus is the mcrease m tbe 
crystalloid osmotic pressure of tbe (carotid) arterial blood. . 

^(i) Solutions of NaCl, Na 2 S 04 , or sucrose of equal osmolar concentration 

b db«tl7 pr.porti,»l to d,g„. 
of hypertonicity induced in the carotid blood. 


70 80 

TIME (minutes) 
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Verney attributes the results to stimulation of specific osmoreceptors: 
these are as yet undemonstrated receptors (and therefore of unktiown struc- 
ture) which are believed to be specifically sensitive to changes in the crystalloid 
osmotic pressure. The osmoreceptors set up impulses which reflexly act on 
the hypothalamus and so on the neural division. The osmoreceptors do not 
lie in the carotid body (i.e. they are not identical with the chemoreceptor^ 
(p. 738)s but are probably distributed somewhere in the vascular bed of the 
internal carotid artery. It is a little dan^rous to speculate about the mode 
of stimulation of histologically unidentified receptors, but the following 
plausible suggestions may be made. It is supposed that the osmoreceptors 
are surrounded by a membrane which is relatively or absolutely impermeable 
to Na+ Cr, SO/ or sucrose. Injection of these substances into the blood 
raises the plasma osmotic pressure ; as these substances cannot penetrate 
into the osmoreceptors a difference of osmotic pressure is established between 
the plasma and the osmoreceptors. Water is withdrawn from the •atter and 
the resulting local rise of osmotic pressure is the effective Stimulus to the 
sensory nerve endings. A rise of plasma osmotic pressure resulting from excess 
of a substance to which the membrane is partly or wholly permeable would 
have less or no effect, because the substance would traverse the membrane 
and equalise the osmotic pressure on the two sides. It is found experimentally 
that intracarotid injection of a strong urea solution produces no antidiuretic 
effect ; injection of an equiosmotic glucose solution releases less ADH than 
does a NaCl solution. The osmoreceptor membranes are therefore presumed 
to he freely and quickly permeable to urea but less rapidly and readily per- 
meable to glucose. The osmoreceptors respond steadily (as judged by release 
of ADH) to a sustained increase of osmotic pressure for a period of at least 
40 min. ; Le, they adapt (accommodate) slowly (cf. p* 560). 

The physiolo^cal significance of these observations is clear. Normally a 
rise of crystalloid osmotic pressure might be due to {a) water deprivation, (5) 
simple salt (Na*^, CF) excess, (c) excess of some other solutes {e.gk urea, glucose)* 

(i) In the case of water deprivation, release of ADH cuts down the flow 
of urine to the obligatory minimum (cf. p. 30), thus conserving water and 
so tending to preserve the normal plasma osmotic pressure. 

(ii) In conditions of salt estcess, though the NaOl output in the urine 
increases greatly, the urine flow increases only moderately (p. 62) ; increased 
secretion of ADH may be reducing the “ tubule diuresis that the excess 
NaCl in the urine woidd otherwise produce. Any water drunk subsequently 
is mainly initially retained (again possibly by the action of ADH), although 
it increases the volume of the body fluids ; it helps, however, to lower the 
crystalloid o.p, towards normal. 

The osmoreceptos do not respond to intracarotid injection of anisotomc salt 
solution, though it increases the plasma volume and dilutes the plasma proteins. 
It is ini^resting that the osmoreceptors respond with maximal sensitivity to the 
two principal ‘‘structural” ions of extracellular fluid, namely Na**" and 01'. 

(in) (a) An increase of blood wea normally leads to increased urea 
secretion by the kidneys ; the elimination of urea is facilitated by an increase 
in urine volume and is correspondingly hampered by a decrease in urine 
volume. The non-responsiveness of the osmoreceptors to raised blood urea 
means that they will not “ hamper ” urea excretion by decreasing the 
secretion of urine via the release of ADH. 
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(b) An increase of blood sugar sucb as occurs normally after meals does 
not call for any urinary adjustment as glucose (unlike Na+, Cl') is normally 
metabolized and so got rid of. In diabetes melHtus there is a sustained rise 
of blood sugar ; the kidney responds by excretion of sugar in the urine (glyco- 
suria) which is facihtated by a polyuria. The comparative insensitivity of 
the osmoreceptors to raised blood sugar means that ADH will not interfere 
much with the polyuria of diabetes melhtus (p. 921). 

(2) Effects of Lowered Osmotic Pressure. — (i) It is reasonable to 
suppose that a decrease of crystalloid osmotic 'pressure, i.e. dilution of the plasma, 
would reflexly decrease or arrest secretion of ADH. The enormous diuresis 
which occurs after water drinking (and which is associated with a detectable 
decrease in crystalloid osmotic pressure) can be most readily accounted for 
on these lines ; i,e, water diuresis is a transient state of diabetes insipidus (p. 58). 

(ii) Simple salt deprivation leads to dilution of the blood but not to a 
diuresis (p. 65). It seems possible that when the Na+ and CT change 
develops very gradually the osmoreceptors do become adapted and no 
longer respond in their normal manner. When in cases of simple salt lack 
water is administered (and a sudden further osmotic change is produced in 
the blood) the osmoreceptors do respond but inadequately as judged by the 
delayed and drawn out water diuresis (Fig. 41). 

Clinical Tests of Hyrot ralam o-Hypophyseal Function.^ — A 
secretion of antidiuretic hormone resulting from stimulation of the hypo- 
thalamo-hypophyseal mechanism can be produced clinically in the following 
ways : (i) by smoking one or two cigarettes or injection of nicotine ; (ii) by 
injection of acetylcholine ; (iii) by large intravenous infusions of hypertonic 
saline. If these procedures do not produce an initial falling off in an induced 
water diuresis or do not temporarily dimimsh a climcal polyipia there is some 
abnormahty present in the nervous control of the post-pituitary or some 
abnormality in the post-pituitary itself. Climcal polyuria of hypothalamo- 
hypophyseal origin can thus be distinguished from polyurias due to other 

causes* . • *-i 

Regulation of Oxytocin Secretion. — (i) There is evidence that 
stimulation of the hypothalamus can elicit a secretion of oxytocin. 

(ii) The act of suckling probably reflexly causes a discharge of oxytocin 
which helps the expulsion of milk from the breast (p. 1094). 

(iii) The possible release of oxytocin at term and its r61e in parturition 
are considered on p. 1091. 

(iv) No function has yet been assigned to the oxytocin which is present 
in the male pituitary in the same concentration as in the female. 


EFFECTS OF WATER AND SALT EXCESS AND LACK. REGULATION 
OF WATER BALANCE AND COMPOSITION OF BODY 
FLUIDS BY KIDNEY ^ 

Effect of Water Drinking : Water Diuresis.— If 1-2 litres of water 
are drunk) particularly on an empty stomach, absorption takes place rapidly 

1 Chalmers and Lewis^ /Sd., 1951, 127, 137. 

2 Gamble, BxtfacdlU^ Flilid, Harvard, 1949. Marriott, BnU med, 1947, i, 245, 
285, 328. 
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in the extracellular fluid (instead of being, as normally, the same). As the 
cell membranes behave as though they were impermeable to electrolytes, 
no net diffusion of these substances out of the cells into the interstitial fluid 
can occur. Owing to the higher o.p. of the intracellular fluid water is sucked 
from the interstitial fluid into the cells (Fig. 31). 

(iii) Finally the volume of all the compartments of body water is increased 
to the same slight degree, and all the body fluids have an identical but slightly 
lowered crystalloid o.p. Were there no kidney response the result would be 
that instead of the 2 L of water that were absorbed being stored exclusively in 
the plasrha, increasing its volume from 3*5 to 5*5 L (^.e. by 70%), the water 
is distributed through the entire 50 L of body water, increasing its volume 
to 52 L, or by 4% ; the plasma volume is likewise increased only by 4%. 



Fig. 32.— Changes in Urine Volume and Plasma GrystaUoid Osmotic Pressure after Drinking 
1000 c.c. of Water in Man. (After Baldes and Smirk, J. Physiol., 1934, 82.) 

Urine volume in c.c. per hour. Change in plasma crystalloid osmotic pressure in milliosmolM per liV®- 
The Tn p viTng .1 faU in plasma crystalloid osmotic pressure is about 10 miUiosmoles per L. The dilution 
of the plasma precedes by about 15 minutes the onset of diuresis. 


Similarly, instead of the crystalloid o.p. of the plasma being reduced by 70% 

it falls only by 4%. . _ , . i . x 

(2) Eenal Chanoes. — The kidneys come mto action after^ a iaterit 
period of 16-30 minutes (Kg. 32) ; the flow of urine rises (from the “ res^g ” 
value of 50 c.c. per hour) to its peak during the second hour whp a maximum 
excretory rate up to 1300 c.c. per hour may be attained ; the diuresis declines 
and is usually over in 3 hours by which time the excess urinary output has 
about equalled the exc^s fluid intake. Even 5 litres of water drunk durmg 

2 hours may be eliminated in 4—5 hours. . • n t nm 

As the volume of urine increases, its specific gravity falls, e.g. to 1001 ; 
there may be a slight total increased excretion of NaCl and urea dmii^ the 
diuresis, though the percentage concentration is very low. This inirial 
washing out of solids is compensated for by a lessened 'rate of exertion after 
the diuresis is over. The point to emphasize, however, is that the kitoey 
responds selectively by an enormous increase in water output with httie 
associated loss of soUds. The changes in renal dynamics are illustrated m 
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Fig. 33. There is no increase in renal blood flow ; there is no increase in the 
vol^e of glomerular filtrate except when the volume of urine exceeds 900 c.c. 
per hour ; it is quite clear therefore that the diuresis is due to decreased 
reabsorpion of water ly the renal tubules. A urinary output of 900 c.c. per 
hour (=15 c.c. per minute) means that of every 120 c.c. of glomerular nitrate, 
105 c.c. are reabsorbed and 15 ex. allowed to escape. ^ The level of diuresis is 
of the same order of magmtude as that seen in clinical diabetes insipidus ; 
water diuresis is probably due to temporary inhibition of the secretion of 



Fig. 33.“=-Effect of Water Drinking on Benal Dynamics. (Chassis et ah, 

J, din, Investig,, 1938, 17, 684.) 

Diodradt^pUtsma ^odrast olearancea-reiial plasma flow (in c.O./min.) (seml- 
logailtnmie scale). 

Innlin-aintilin cieajance®* volume of glomerular filtrate (in c.c./mln.). 

Tiltr. Fr.«>flltration &adtion» glomerular filtrate/renal plasma flow. 

Urine/mln. : inc.Ci 

At the arrows 1000 c.c. of water drunk in four 250-c.c. portions. Note that there is 
no significant change in renal plasma flow, volume of glomenilar filtrate or filtra* 
tion fraction. The urine volume increases to a peak of 14 c.c./min. from a 
*' fesfing ” value of 2 d.c./mlfl. 

the antidiuretio hormone of the pituitary (p. 55) reflexly from the osmo- 
receptors. It will be noted (Fig. 32) that the dilution of the plasma precedes 
the onset of dimesis. During this period it may be supposed that the circulat- 
ing ADS is being destroyed and that no fresh ADH is being secreted ; as the 
blood ADS level falls diuresis sets in. 

Ether anaesthesia inhibits water diuresis perhaps by depressing the central 
nervous elements involved. 

Water Intoxication. — In extreme circumstances great and harmful 
water retention may occur. Patients with diabetes insipidus (p. 49) drink 
(and excrete) enormous amounts of water daily, up to 20 or even 40 L per 
day. If the flow of urine is restored to normal limits by injection of anti- 
^uretic (post-pituitary) hormone withoii/t cofres'pOTiding limitation of water 
intake, grave symptoms develop, e.g, headache, nausea, asthenia, and inco- 
ordination of movement, attributable to a great increase in the volume of all 
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the body fluids and a decrease of tbeir crystalloid osmotic pressure. The 
condition has been reproduced experimentally. If very large amounts of 
water are given by stomach tube to normal dogs, retching, vomiting, and 
violent convulsions (resembling those of strychnine poisoning) occur at 
intervals, alternating with asthenia and coma. Death may take place in coma 
or in convulsions. If the water administration is stopped in time the animal 
. may recover completely in a few hours. A condition of subacute poisoning can 
be induced in rabbits by giving daily, over a long period, an amount of 
water equal to the body weight. As expected (p. 128), there is oedema of 
the brain and a rise in the intracranial pressure. Post-mortem no structural 
changes are seen ; the changes in the crystalloid o.p. in all the tissues plus 
the direct effect of the raised intracranial pressure on the brain accounts for 



Fig. 34. — Circulatory Effects of Intravenous Injection of Isotonic Saline in Normal Man 
in Supine Position. (McMichael and Sharpey-Schafer, Brit. Btart J., 1944, d, 7.) 

K.A.P. : right auricular predsiuc In cm. saline (antmior to |K>sterior surface of thorax), recorded by 
catheter in right auricle connected to manometer. 

C.O. : cardiac output (in litres per minute) recorded by direct Fick method (cf. p. 279). Figures on cardiac 
output curve =» heart rate per minute. 

Inject 1630 c.c. of isotonic smine intfavenonsly in 23 minutes. Note rise of right auricular nressure, 
increase In heart rate (venous reflex) and increase in cardiac output. As soon as the injection is 
stopped, the progressive outflow of saline the circulation leads to a fall in right auricular pressure 

and in cardiac output. 

most of the symptoms mentioned. These observations are important in 
relation to the interpretation of the symptoms of nrseinia (of. p. 77). 

Effects of Injection or Ingestion of Saline Solution or Salt. — 
The excess sodium chloride diffuses uniformly throughout the extracellular 
fltiid ; none penetrates into the intracellular fluid. The following procedures 
will be considered : 

(i) Rapid intravenous injection of isotonic saline. 

(ii) Slow, very large, isotonic saline infusions. 

(iii) Ingestion of isotonic saline. 

(iv) Ingestion of excess salt (NaCl). 

(v) Administration of hypotonic or hypertonic saline (pp. 126, 127). 

Intravenous Injection of Isotonic Sodiuni Chloride Solutions.— 
(1) Vasculab Changes. — ^When very fast rates of injection are employed the 
circulatory changes are very striking. On injecting 1630 c*c. in 21 minutes 
(Fig. 34) the right auricular pressure rises, e.g. from 12*5 to 19 cm. saline 
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owing to eDgoigement of the venous side of the circulation ; the heart rate 
is increased, e.g. from 72 to 88 beats per minute owing to the action of the 
Bainbridge reflex (p. 273) : the increased venous return produces an increased 
cardiac output, e.g. from 4-5 to 8-5 litres per minute, representing an increase 
in the output per beat from 60 c.c. to nearly 100 c.c. 'Ihe arterial blood 
pressure temporarily rises. The excess fluid is first accommodated in the 
easily distensible veins; there is a rise of general venous pressure and 
capillary blood pressure corresponding to the rise of right auricular pressure. 
The rise of the filtering force in the capillaries drives fluid out of these vessels 
into the tissue spaces. At the same time, the proteins of the plasma are 
diluted and consequently their osmotic pressure is reduced (p. 15) ; the 
power of the blood to retain fluid is diminished and so exudation occurs into 
the tissue spaces (cf. p. 18). As the crystalloid o.p. of the extracellular fluid is 



Fio. 36. — ^Effect of Injection or Ingestion of Isotonic Saline on Volume and Composition 
of ExtraceUular and Intracellular J'luids. 

Left-hand box : Total areas of columns E and I represent the total volume of extracellular and intra- 
cellular fluid. Height of areas Na, K, represents the concentration of Na+ and K+. 

Eight-hand box : After' ingestion of isotonic saline. Note the area of E is greater, i.e. there is an increase 
in. the volume of extracellular fluid. There is no change in the concentration of extracellular Na+ 
or of the volume or composition of the intracellular fluid. 

unclianged, none of the excess fluid enters the intracellular compartment 
35). 

" (2) Renal Changes. — There is also a greater secretion of urine ; the 

urine volume rises to a maximum during the second hour and then declines. 
In the main the diuresis is due to decreased reabsorption of water in the 
tubules ; the mechanism is, however, obscure. As there is no decrease in 
the plasma crystalloid o.p. there is presumably no decrease in the secretion 
of pituitary antidiuretic hormone. An additional factor of somewhat greater 
importance than after water drinking, is the dilution of the plasma proteins 
which may perhaps lead to increased glomerular filtration (though this has 
not been convincingly demonstrated). 

(3) In extreme cases some of the excess fluid may be accommodated in 
the lungs : pulmonary congestion occurs (reducing the vital capacity) and 
exudation into the alveoli (pulmonary oedema) may develop. Cerebrospinal 
fluid pressure is raised (p. 126). 

(4) If isotonic saline at body temperature is injected more gradually (under 
20 c.c. per minute) in large amounts into normal subjects there is no alteration 
in the arterial blood pressure or heart rate ; the excess fluid is rapidly elimin- 
ated from the plasma mto the tissue spaces and is ultimately excreted in the 
urine, so that the plasma volume is kept about normal. 
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(5) The temperature of the fluid acts directly on the sinp-auricular node 
(p. 236) and on the cardiac centre (p. 274) ; a rise of temperature quickens 
the heart and a fall slows it. 

Very Large Slow Saline Infusions. — Fig. 36 illustrates the results of 
infusing 27 L of isotonic saline over 4 days (i,e. nearly 7 L daily). As 
emphasized above, as the solution is isotonic it must all be stored extracellu- 
larly until it is excreted by the kidney. The renal response though sensitive 


0*9% NaCI 5 % GLUCOSE 



Fig. 36. — ^Effects of Large Slow Intravenous Infusions of Isotonic Saline and of 6% 
* Glucose. Normal Adult. (After Gamble, Extracellular Fluid, Harvard University 
Press, 1949.) 


Left-hand column : . Response to isotonic saline. Note the increase in extracellular fluid volume, the 

increase in plasma volume and the decrease in plasma protein concentration. ^ 

Risht-hand column : Response to 5% glucose. As the glucose is rapidly metalwlized the effect of the 
* infusion is equivalent to the ingestion of water. There is no increase In extracellular fluid volume 
or in plasma protein concentration owing to the rapid response by the kidney. 


to a V6ty small change crystalloid o.p. (e.^. as after water dr inki ng) is 
much more gradual and relatively inefficient when there is no change in 
crystalloid o.p. even when there is a large increase of total body water. 
Fig. 36 shows that after 84 hours there was an increase of 7 L in extra- 
cellular watpr, including an increase of over 1 L in the plasma volume {i,e 
of 30 %) ; the plasma protein concentration fell (from 7*8 to 6%). The large 
outflow into the tissue spaces is due to the fall of plasma protein o.p. and the 
presumed rise of capillary blood pressure. Though the volume of urine rose 
to 5 L daily the kidney did not keep pace with the infusion of fluid (nor with 
Na+ input). It actually responded by excreting water and extra salt in the 
proportions present in isot^:.nic saline thus preserving crystalloid o.p. (there is 
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no ctange in plasma Na+) ; but it obviously failed to restore total body water 
or plasma volume rapidly to normal. 

Ingestion of Saline . — Isoionic saline of a composition resembling Locke’s 
solution is fairly palatable if drunk slowly. If 1-2 L is drunk there may 
be no diuresis at all during the next 6 or 8 hours ; the excess water and 
salt is excreted during the next few days during which period there is over^ 
filling of the extracellular compartment ; the plasma volume may be increased 
by e.g, 10% (=350 c.c.) ; if as much as 3 L are drunk in an hour, the maximum 
diuresis attained is only 300 c.c. per hour ; the urinary output remains above 
100 c.c. per hour for more than 24 hours. It is important to note that saline 



Effects of Ingesting Isotonic (a) KCl Solution and 
(6) JNaa Solution on Flow of Urine. (Adol]^, Amer. J. Physiol., 1923, 6$.) 

In (a)^ C.C, on-3% KCJ, and In (b) 1000 c.c. of 1% NaCl were Ingested at arrow A. 

JTote the absence of dinreaiB with IfaCI and the marked dlniMls with KOI. 

is reteined for many hourg, when giveo by mouth (or per rectum), but is more 
rapidly eluumated if introduced directly iuto the circulation. 

Isotomc m (1-3%) if given by mouth is treated quite differently from 
JNauj It IS rapidly excreted like urea or other waste products and eives 
nse to a marked diuresis (Fig. 37). ° 

Effects of Excess Salt (NaCl), — (1) Changes in Body Fluids. — 
Suppose a strong NaCl solution is drunk or injected ; the plasma crystalloid 
osmotic pressme rises ; water is sucked from the interstitial spaces into the 
plasma imtiaUy mcr^smg its volume ; but at the same time the salt diffuses 
out mto the mterstitial spaces. The outflow of salt causes a secondary out- 

intermediate changes just 
tombed the net result is a umform vMyrea$e in the NaCl content of ife extra- 
oelhlafflutd without change in the relative or absolute water content of 
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plasma or interstitial fluid.^ The higher osmotic pressure of extracellular 
fluid compared with intracellular fluid leads to a flow of water from the cells 
into the extracellular fluid. The final result is a untform increase in crystalloid 



Fig. 38. — ^Effect on Volume and Composition of Extracellular and Intracellular Fluid of 

Excess NaCl. 

Leftrhandbbox : Total area of colunms E and I represent volume of extracellular and intracellular fluid* 
Areas Na, K represent concentration of Na+ and K* in extracellular and intracellular fluid. 

Middle box : Immediate effects of NaOl excess : an increase in extracellular Na+ concentration. 
Eight-hand box : Final effects of NaCl excess : an increase in extraceUular fluid and a decrease in 
Intracellular fluid volume ; increase in extracellular ITa^ and increase in intracellular K+ concentration. 


concentration and osmotic pressure throughout the body fluids, but there 
is a decrease in intracellular fluid and an increase in extracellular fluid volume 
(Fig. 38). 

(2) Renal Changes, — In an experiment (Fig. 39) in which 28 g. of NaC. 
were ingested the urinary flow was increased from 30 to 120 c.c. per hour ; 

g. Cl. 

n 

l‘0 
0*8 
0*6 
0*4 
0*2 


123 45 6 789 

Time in Houi^s 

Fig. 39. — Effects on Urine of Ingesting 28 g. of ITaCl. (Adolph, Amer. J. Physiol. 

1923, A5.) 

Becords from above downwards are : Cl. conc.=a:concen^tl9n of chloride with reference to molar con- 
centration (M), (Molar=35-6 g. per litre); Urine rate«rate of urine formation in c.c. per hour; 
01. rate g. '=»rate of chloride excretion in g. per hour. At A, ingest 28 g. of NaCl. 

the rate of 01^ excretion rose from 0‘2 to 1*2 g. per hour (the amount filtered 
per hour from the glomeruli is about 24 g.). Reabsorption of CT in the tubules 
though somewhat less complete, is still going on on a very large (and seem- 
ingly unnecessarily large) scale, . The maximal urinary NaCl concentration 
^ The small volume of water in which the salt was administered can be neglected, 







effects of sodium chloride lack 


occurred between the third and the twelfth hour, when it was about 0-55 
molar (=3-4% NaCl, compared with the average normal of 1%). The rate 
of excretion of salt is thus comparatively slow. 

The f airing of salt induces thirst ; more water is consequently drunk and 
is mainly retained in the body (probably owing to increased secretion of 
ADH (p 54)) to dilute the retained salt and thus restore the appropriate 
osmotic pressure. The body weight may be temporarily increased from 
retention of saline. The excess fluid and salt are slowly eliminated in the 
course of a few days. tn • i.- c- i 

Results of Simple Sodium Chloride Deprivation.— Simple sodium 
chloride deficiency can be produced experimentally in various ways. The 
simplest is to induce severe sweating while replacing the water and NaCl 
lost by water only, excluding salt as far as possible from the diet. The 
changes in the body fluids are the reverse of those described for NaCl excess. 

(1) Changes in Body Fluids.— As the NaCl content of the plasma is 
reduced, water initially flows out of the blood into the interstitial spaces 


r 1 



Fiq. 40. — Effects of Simple NaCl Deprivation. 

Left-hand box : Total areas of columns E and I represent volume of extracellular and intracellular tliiid. 

Areas Ka, K represent concentration of Na+ and K+ in extracellular and intracellular lluld. 

Middle box : Immediate effects of NaCl deprivation — a decrease in extracellular Na+ concentration. 
Bight-hand box : Final effects of NaCl deprivation—a decrease in extracellular and an increase in intra- 
cellular fluid volume ; a decrease in extracellular Nat and iii intracellular JC+ concentration. 

(NaCl moves in the opposite direction). When, equilibrium is established the 
volume and distribution of the extracellular fluid is unaltered but the fluid 
is more dilute, i.e, the NaCl concentration is reduced. The extracellular 
fluid osmotic pressure is now lower than the tntracellular ; fluid therefore 
moves from the interstitial spaces into the cells. The final result is a uniform 
decrease in crystalloid concentration and osmotic pressure throughout the 
body fluids, but there is an increase in the volume of intracellular fluid and a 
decrease in the volume of extracellular fluid ; the swelling of the cells must be 
emphasized (Fig. 40). The decrease in extracellular water necessarily involves 
a decrease in plasma volume ; but as this raises the plasma jprotein osmotic 
pressure, plasma volume is relative.ly better preserved than is the volume of the 
interstitial fluid. The concentration of Na+ and Cr in the plasma is decreased. 

(2) Benal Changes. — The kidney responds to the changes in the electrolyte 
concentration of the plasma and other body fluids by diminished excretion 
of Na+ and Cl' in the urine ; reabsorption of Na+ and Cl' in the tubules 
becomes practically complete. A serious disturbance of general renal function 
develops which may be due to the loss of ions.^ Although the blood 
pressure is unaltered, glomerular filtration is decreased by, say, 30% and 
1 Report to Brit. Med. Res. Council, Lancet, 1950, ii, 509. 
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urea clearance is also decreased, e.g. to 40-80% of the control value. Consider- 
able urea retention occurs with a resulting rise of plasma urea, e,g, from 
30-80 mg-% ; the decreased glomerular filtration may be a factor in 
producing this “ uraemia.” Water drinking does not induce the usual striking 
diuretic response (Fig. 41). 

Na+, Cr and ion deprivation may be induced by continuously aspirating 
the gastric jmce and replacing the withdrawn fluid by means of water or a 
glucose solution (p. 106). As under these conditions there is a ^eater fall 
of plasma CF than of Na+ alkalsemia results, commonly associated with 
sig^s of renal damage, such as the appearance of albumin and casts in the 
urine. 

Clinical Syndromes of NaCl Loss. — (1) Heat (Stoker’s) Cramp. — Men 
working very hard in hot moist atmospheres (stokers, miners) sweat pro- 
fusely ; if they replace the water lost but not the NaCl, NaCl deficiency is 



Fig. 41. — Effect of Salt-Poor Diet on Renal Response to Water Drinking. 

(After M‘Cance and Widdowson.) 

In each case 1000 c.c. of water were drank (arrow). On a salt-poor diet the 
diuretic response is smaller than on a normal diet. 

produced as abeady explained. A common symptom is widespread, intense 
and exceedingly painful contraction of the muscles, probably due to the 
harmful effect of the low NaCl content of the interstitial fluids. The cramps 
are prevented or markedly relieved by drinking saline (0*25%, 0*5% or even 
1% solutions) or by taking salt tablets. 

(2) Grave NaCl Deficiency Syndrome. — In severe cases there is 
lassitude, apathy, stupor, headache, weakness, as well as cramps. Later 
there may be nausea and vomiting (attributed to spasm of the pylorus), 
giddiness, fainting, pajlor, and cold sweating. There is renal failure and 
nitrogenous retention in the blood. Owing to the decreased plasma volume, 
the blood pressure tends to fall but is kept up for a time by compensatory 
vasoconstriction ; finally the blood pressure does fall and a ‘‘ shock ’’-like 
state results. The clinical picture is thus one of general ^ave illness which may 
be variously diagnosed. A clue to the diagnosis is obtained by demonstrating 
the absence of CF in the urine (no precipitate with AgN 03 solution in the 
presence of nitric acid), and the low plasma CF level. Final confirmation is 
obtained by the rapid improvement resulting from administration of saline 
solution. 

Certain other points should be stressed. The normal fullness (turgor) of 
the fllrin and mucous membranes depends on the volume of interstitial water. 

3 
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water loss. The volume of urine is decreased to a TniTiiTmTm by increased 
secretion of antidiuretic hormone (p. 54) to preserve as much body water as 
possible ; the excretion of electrolyte is raised to maximum (cf. p. 30) to 
minimize the very harmful increase in tonicity of the body fluids. It should 
be emphasized that in so-called simple water deprivation there is not only 
obvious water loss but also additional electrolyte loss for the reason just given. 
These facts should be borne in mind when restorative measures are planned ; 
chronic water loss is really water-\-salt loss and must be dealt with by giving 
water+salt. 

It is also important to remember that severe potassium depletion accom- 
panies the water and salt loss found in diabetic coma and infantile diarrhoea ; 
in these conditions one must not only treat the acidosis with alkalis and the 
dehydration with salines, but must make good the potassium lack by including 
K+ in the transfusion fluids (cf. p. 971). 

As the plasma volume falls with increasing water loss, the venous and 
capillary pressures faU with a resulting decrease in the ffltering force which 
drives fluid out of the capillaries. Again, a decrease in the plasma fluid volume 
increases the concentration and thus the osmotic pressure of the plasma 
proteins. These two factors tend to keep up plasma volume at the expense 
of the interstitial fluid. It must be remembered that determinations of 
plasma volume or of hsemoglobin or of plasma protein concentration are not 
a reliable guide to the degree of water deprivation because the plasma volume 
changes last and least (thus maintaining the circulation) ; its relative con- 
stancy masks the larger water changes which are occurring extra- vascularly. 
When changes in plasma volume or composition are obvious, the clinical 
state is grave. 

(2) Renal Changes in Man. — The effects of complete deprivation of 
fluid in man for 4 days have been studied ; the diet was otherwise adequate 
in all constituents. The renal blood flow remained unchanged : the volume 
of glomerular filtrate was reduced at most by 20%. There was no decrease 
in plasma volume and no hasmoconcentration, presumably because the 
interstitial fluid reserves were called upon. The body weight decreased by 
about 3-5 kg. The volume of urine was reduced to 30-40 o.c. per hour ; at 
urinary outputs of 30 o.c. per hour, or under, in man, urea, creatinine, phos- 
phate, total nitrogenous and total non-nitrogenous solids become maximally 
concentrated. This means that larger amounts of the individual urinary 
constituents cannot be eliminated, should there be need to do so, unless 
the urinary volume is increased ; conversely, any further reduction of 
urinary output diminishes excretion of solids and so causes their retention 
in the blood (cf. p. 30). 

(3) Water Deprivation in Infants. — These effects of water deprivation 
are especially important in infants owing to the peculiarities of their renal 
function. In utero, about half the work of the kidney is done by the placenta ; 
at birth the kidney is perhaps not fully developed functionally. The urine 
in infants is hypotonic (not hypertonic as it is normally in adults), i.e. an 
excessive volume of urine is needed (by adult standards) to eliminate a fixed 
amount of solid. The glomerular filtration rate is also low. Water deprivation 
or excess fluid loss rapidly leads to retention of urea and NaCl. In illness in 
children associated with sweating, diarrhoea, or vomiting, the fluid intake 
should be kept high and the protein intake restricted to minimize formation 
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of nitrogenous waste products ; administration of saline should be avoided 
(unless there is hypochloraemia) as the kidney may fail to get rid of the extra 
salt. 

(4) General Symptoms op Water Lack. — The patient complains of 
thirst and weakness ; the skin is dry and inelastic ; the eyes are sunken • 
later there may be changes in temperament ; slight pyrexia may occur. The 
volume of urine is reduced and as the excretion of the waste products of 
metabolism continues, the urine is concentrated with a specific gravity up 
to 1040 (normal 1020). As the decreased plasma volume produces progressive 
circulatory failure the renal blood flow is decreased leading to renal failure 
incomplete excretion of nitrogenous waste products and their consequent 
retention in the blood. When such symptoms are present the loss of body 
weight (due to water loss), is about 6% (equivalent to about 4 litres or 8% of 
total body water). A man who has lost 5-10 L of water is very ill ; death 
takes place when the water loss is about 15 L. 

In infants water lack is even more severely felt. The water reserves of the 
body are proportional to the weight and hence to the volume ; the water 
requirements are conditioned by the metabolic rate and are hence propor- 
tional to the surface area. It follows that the smaller the individual, the 
greater is his surface area relative to volume, the greater is the disparity 
between his water requirements and his water reserves and the more quickly 
will water deprivation be felt. ^ 

Problem of Thirst. — The mechanism of production of thirst is not fully 
understood, but reference may be made to suggestive observations. Thirst 
of course, is severe in conditions of water deprivation. Such thirst is not 
inerely a mouth sensation, though the mouth is dry ; thirst is said to persist 
after ansesthetizing the mouth but it is at once abolished by increasing the 
water content of the body by any route. It is common knowledge, however, 
that if a dry mouth is produced by arresting salivary secretion with atropine 
an unpleasant sensation is produced which many would call thirst * anyway 
ti^re is an urgent call for water for the mouth. In simple salt deficiency 
when, as explamed, the cells are swollen (their water content is increased and 
the volume of the mterstitial fluids is depleted), there is no thirst in man 
or animals. Ammals given hypertonic saline suffer severe thirst and drink 
copioi^ly ; m tbs condition the cells are shrunken and hypertonic from loss 
mterstitial flmd Tolume is greatly increased. It would 

on psychologists call it) depends 

on ^e state of the body cells as a whole ; how the brain is informed of this 

of brain 
important, however, to 

“ simple water deprivation ; it should be especially 
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Excretion of Urea. — The mechanism is illustrated by the following 
experiment. 15-30 g. of urea are ingested ; rapid absorption from the 
intestine takes place and the blood urea rises. There is no change in renal 
blood flow or in glomerular filtration rate. The total urea excretion in the 
urine rises slowly to a peak {e.g. from 1*5 to 3*0 g. per hour) and then slowly 
declines (Fig. 43) ; the excess urea is gradually eliminated in the course of 
8 or 10 hours. There is generally some associated diuresis^ e.g. from a control 
level of 50 c.c. to a peak of 100 c.c. per hour ; the urea concentration in the 
urine normally always exceeds 2% at some stage in the response and may rise 
to 4 or 4*5%. The mechanism of the response is straightforward : a rise of 
blood urea leads to the filtration of a larger absolute amount of urea from the 
glomeruli in unit time. Thus at the normal blood urea of 30 mg-% and a 
glomerular filtrate of 7*2 L per 
hour (=120 c.c. per minute), 2*2 g. 
of urea are filtered out per hour 
(depending to some extent on the 
volume of urine formed (p. 39)). 

40-60% of the urea filtered ‘‘ dif- 
fuses back ” into the blood ; let 
us assume an average back* 
diffusion ” of 50% ; so of 2*2 g. 
of urea filtered, 1*1 g. is excreted 
in the urine. If the blood urea 
rises to 45 mg-% then the amount 
of urea filtered in the glomeruli 
per hour is 3*2 g, and the amount 
excreted (i.e. half) is 1*6 g. per 
hour. So long as the blood urea is 
elevated the rate of urea excretion 
remains raised, i.e. the raised blood 
urea ‘‘ guarantees ” its own ex- 
cretion. Other waste products, 
e,g. SO/, creatinine, are excreted 
in a similar way. 

The diuresis produced by urea 
is due to the osmotic pressure exerted by the rising concentration of urea 
in the tubular lumen, where it interferes with water reabsorption. Urea 
thus retains water in the tubules for its own elimination. The maximal 
urea concentration in the tubules is a measure of the power of the tubules 
to reabsorb water against osmotic pressure resistance ; it forms the basis 
of the urea concentration test which is carried out as follows : 

The bladder is emptied, and 15 g. urea are given by the mouth in 100 c.c. 
of water. The bladder is emptied after 1, 2, and 3 hours. The first specimen 
may be dilute because of the diuresis induced. The second specimen should 
contain 2% of urea or over. If more than 120 c.c. are secreted in the second 
hour, the urea percentage in the third specimen is determined. Failure of the 
kidney to concentrate urea to 2% in any one of the three samples is evidence 
of renal ineflB.ciency, Normal kidneys (as stated) may concentrate urea to 
4% or over. 

Because of its mechanism the diuresis induced by urea is termed tubule 



Fig. 43. — ^Effect of Urea Ingestion on Volume 
of Urine and Urea Excretion in Man. 
(Experiment by John Marks.) 

At each arrow ingest 10 g. of urea. Kote the steady 
progressive diuresis and gradual increase in the 
hourly excretion of urea. 

The shaded area represents the maximum and minimum 
output of urine during each hour of the day in a 
penod of 28 days on a constant water intake. 
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diuresis, A similar form of diuresis takes place when protein is ingested or 
excess tissue breakdown is taking place. Larger amounts of waste products 
{e.g, urea, sulphate) are formed and their concentration in the plasma, in the 
glomerular filtrate, and in the tubular lumen, rises. They are excreted to a 
greater extent and increase the urinary volume by the same mechanisms which 
were considered with reference to urea ingestion. As nught be expected the 
volume of urine varies with the protein intake (see Folin’s Table, p. 891). 

The polyuria of diabetes mellitus and other forms of glycosuria is likewise 
due to the excess sugar m the urine acting osmoticaUy and hampering water 
reabsorption (p. 921). 

The maximum concentration of urea in the urine is independent of that 
of the salts. 

R6le op Kidney in Pbeserving the H+ Ion Concentration of the 
Blood. — This subject is discussed in detail on p. 94:. 

Factors Influencing Urinary Volume. — The subject has already been 
surveyed fully and is briefly summarized below : 

(i) Water drinking (p. 57), water deprivation (p, 67) and water loss by 
other channels (sweating, p. 467, vomiting, p. 105). 

(ii) Saline ingestion (p. 62), intravenous saline injection (p. 60), excessive 
salt intake (p. 63) and salt deprivation (p. 64). 

(iii) Protein intake (p. 70) ; diuretic agents in food (e,g, caffeine, theo- 
phyllene and theobromine). 

(iv) Muscular exercise (p. 53). 

(v) Sleep. — ^During sleep the urinary output is decreased ; this is attri- 
buted to a depressed state of the circulation, to lowered metabolism and to 
lack of water intake. 

(vi) Emotion may inhibit (p. 53) or increase the flow of urine ,* it may 
also increase the frequency of micturition (p. 771). 

(vii) Role of posterior pituitary. — ^By means of its antidiuretic hormone 
the neural division of the pituitary controls the daily volume of urine ; it 
acts directly on the tubular epithelium increasing the reabsorption of water 
(p. 51). 

(viii) Other Endocrines. — Injection of adrenaline (p. 728) ; adrenal cortex 
(p. 955) ; thyroid (p. 51) ; anterior pituitary (p. 51) ; parathormone 
(p. 1007) ; diabetes mellitus (p. 921). 

(ix) Other Factors. — ^Hsemorrhage (p. 83) ; traumatic shock (pp. 340, 
342) ; action of hypertensin (p. 351) ; essential hypertension (p. 354) ; 
acideemia (Figs. 54, A, 55) ; alkalsemia (Figs. 54, B, 56) ; renal disease (pp. 71 
et seg.). 


KIDNEY FUNCTION IN DISEASE ^ 

Teste of Renal Function. — 1. Examination op Blood and Urine. — 
The urine should be examined with respect to volume, specific gravity, 
reaction, concentration, absolute amounts of the various normal urinary 
constituents, and presence of abnormal constituents like albumin, red cells, 
or casts, and the blood with respect to the concentration of the constituents 
excreted and thus regulated by the kidney including H+ ion concentration. 

1 Peters and Van Slyke, Quantitative Clinical Chemistry, Interpretations, 1931. Pishberg 
Hypertension and Nephritis, 1939. 
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(1) Specific Gravity and Urea Concentration Test. — The power of 
the kidney to absorb water and do osmotic work is gauged by the sjpecijic 
gravity of the urine (p. 29) and more precisely by the urea concentration 
test (p. 69) winch also indicates the ability of the tubular epithelium to 
resist back-diffusion.” 

(2) Significance .of Blood Values.— In considering the effect of renal 
failure on the level of the various constituents of the plasma the following 
facts must be borne in mind. 

(i) Urea Excretion and Blood Urea Level. — As explained on p. 69, urea 
is eliminated from the body exclusively by glomerular filtration ; the 
amount in g. of urea filtered into Bowman’s oapsule= glomerular filtrate 
(in L)X plasma urea concentration (in g. per L). Of the amount so filtered 
about half returns to the blood by “ back-diffasion ” and the other half is 
excreted in the urine. The table below shows the minimal blood urea level 
necessary to eliminate 9, 18, and 36 g. of urea daily (resulting from low, 
modest, and high protein intake) at normal and subnormal levels of glomerular 
filtration. 


Glomerular Filtrate 

Blood Urea Leve (in mg./lOO c.c.) necessary to excrete 

Volume 

24 hours. 

Fraction of 
Normal. 
l*0=Normal. 

9 g. of Urea. 

18 g. of Urea. 

36 g. of Urea. 

180 L 

1-0 

10 mg-% 

20 mg-% 

40 mg-% 

90 „ 

0-5 

20 „ 

40 „ 

80 „ 

45 „ 

0-25 

40 „ 

80 „ 

160 „ 

22-5 „ 

0-125 

80 „ 

160 „ 

320 „ 


At a normal level of glomerular filtration (180 L), 36 g. of urea can be 
excreted at a blood urea concentration of 40 ing-%. Suppose the glomerular 
filtrate falls to half-volume (90 L) ; the amount of urea excreted is similarly 
halved ; urea is thus “ retained ” in the blood and its concentration there 
rises. When the blood urea has risen to double its Original level (80 mg-%) 
the kidneys again excrete 36 g. (at the reduced glomerular filtration rate) and 
equilibrium is re-established. On the other hand if only 18 g. of urea have 
to be excreted, when the glomerular filtrate falls to half, a blood urea level 
of 40 mg~% is adequate to effect full excretion. If the urea to be excreted 
is ojAj 9 g., a blood urea level of 40 mg-% is adequate even when the 
glomerular filtrate is reduced to one quarter (45 L) . A reduction of glomerular 
filtration (with constant urea production) leads to a rise of urea concentration 
in the blood (and throughout the body fluids), i.e. there is urea retention. 
But this rise of blood urea is eminently “ usefiil ” because it automatically 
leads to a larger urea excretion ; at an appropriately raised level of blood 
urea a balance between excretion and production can always be struck. As 
far as is known a rise of blood urea per se is harmless (cf. -p. 74) and as 
urea is freely diffusible it does not disturb the balance between the various 
compartments of body fluid. 





BLOOD NON-PROTEIN NITROGEN (N.P.N.) 


A raised blood urea level must be considered in tbe light of these facts. 
In renal failure the raised blood urea can always be lowered to some 
extent by decreasing the protein intake, the lower blood urea level 
then being adequate to eliminate the smaller amounts of urea which are 

formed. , i orv j • v 

(ii) The Van Slyke urea clearance test described on p. 39 and summarized 

in the expression [C.=^XlOO] gives a numerical value to the relationship 

between the amount of urea excreted (U^) and the plasma urea level (P) 
necessary to excrete it. As P is the denominator, any increase in plasma urea 
level needed to excrete a given amount of urea lowers the clearance value ; 
the fall of clearance value is an index of renal insufficiency. 

(iii) The normal blood urea value is generally 25-40 mg. per 100 c.c. ; 
lower values are, however, not uncommon and are the rule in pregnancy. In 
health the blood urea will obviously fluctuate mth the protein intake. A 
rise of blood urea is a sensitive index of renal failure if the protein intake is 
high; on a low protein intake considerable renal failure may be present 
without the blood urea rising above the upper limit of the normal. 

(iv) Blood Urea in Non-Renal Disease.— k raised blood urea (in relation 
to the protein intake) probably represents decreased glomerular filtration, 
but the latter need not necessarily be due to renal disease. Any condition 
decreasing glomerular blood flow or glomerular pressure decreases glomerular 
filtration. The blood urea may thus be raised in haemorrhage (p. 84), shock 
(p, 343), conditions of water deprivation (p. 67), salt deprivation (p. 65), or 
combined water and salt loss (e.g, intestinal obstruction, p. 108), over-treat- 
ment with alkali (used ‘‘ therapeutically ”), in adrenal insufficiency (p. 955), 
in parathyroid hypercalcaemia (p. 1007), circulatory failure, or as a result of 
reflex constriction of the renal vessels (p. 27). 

(v) Blood Non-Protein Nitrogen {N.P.N.). — The term non-protcin nitrogen 
(N.P.N.) refers to the weight of nitrogen in the non-protein nitrogenous 
constituents of the plasma {i.e. such substances as urea, mixed amino-acids, 
uric acid, creatinine) ; it is expressed in mg. per 100 c.c. and is normally 
about 20^0 mg. [Note that blood urea is expressed as the total weight of 

28 

urea ; if the blood urea is 40 mg., then the blood urea nitrogen ^ is — x 40= 

18 mg. ; approximately half the blood N.P.N. is thus due to urea N.]. The 
'plasma N.P.N. is 18-30 mg. per 100 c.c. The determination of the blood urea 
and the N.P.N. gives an indirect indication of the concentration of the nitro- 
genous constituents other than urea. The blood urea and N.P.N. usually rise 
and fall together and have the same significance. 

The principal non-protein nitrogenous constituents of the plasma other 
than urea are creatinine and uric add. 

Blood Creatinine. — The upper normal limit of blood creatinine is 2 mg. 
per 1(^ c.c. It is thought likely that to excrete the creatinine normally 
made in the body approximately the full normal glomerular filtration volume 
is necessary. As creatinine is mainly formed in the tissues at a fairly steady 
rate its blood level is normally very constant. Any decrease in glomerular 
filtration would then be immediately reflected in a rise of blood creatinine. 

1 Urea N/Total Urea :=2N/CO(NH2)2= 28/60. 
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Values of 3—5 mg-% indicate considerable glomerular failure, wldle values 
over 5 mg-% are of grave omen. 

Blood Uric Acid. — Tbe normal range is 0 * 7 - 3*7 mg. per 100 c.c. (average 
2 mg.). As tbe urinary uric acid is partly derived from purines in tbe food 
(p. 897) tbe blood level will be influenced by tbe diet, especially in renal 
failure. It is claimed (but not explained) tbat uric acid is tbe fijst nitrogenous 
constituent to be retained in nephritis ; in uraemia values as bigb as 27 mg-% 
have been recorded. Blood uric acid is, however, also raised in gout (p. 898) 
and in conditions associated with excessive destruction of tbe nuclei of white 
blood corpuscles (leukaemia, pneumonia). 

(vi) Plasma Na+ Cl\ K+, and Phosphate. — With these threshold substances 
tbe problem of their excretion by the kidney is quite different from tbat of 
urea and tbe other no-tbresbold substances (see Table). 


Plasma concentration 
(mg./lOO c.c.) . 

Total nltered in 170 L 
of glomerular filtrate 
in g. (24 hours) 
Amount normally ex- 
creted in urine in g. 
(24 hours) 


Na+ 

Cl' 

330 (mg.) 

365 

560 (g.) 

620 

5(g.) 

9 


K+ 

Phosphate 

17 

3 

20 

5-1 

2-2 

1-2 


In tbe case of Na+ and GY about 99% of tbe amount filtered is reabsorbed, 
1 - 2 % being excreted. Eeabsorption is adjusted to maintain tbe appropriate 
level in tbe plasma, and is diminished whenever Na+ or Cl' tend to accumulate. 
Examination of the data in tbe Table shows tbat tbe volume of glomerular 
filtrate could be reduced to one-fiftieth of normal while permitting full excretion 
of these substances. A rise of Na+ or Cl' level in tbe blood can never be tbe 
result of reduced glomerular filtration but only of virtually complete cessation 
of such filtration (or of pathologically increas^ reabsorption). Tbe K+ intake 
could be excreted at one-fifth tbe normal filtration rate and HPO 4 '' at one- 
quarter. Retention of phosphate and perhaps of K+ (rise in their blood level) 
does occur in renal failure. [Tbe effect of parathormone on phosphate 
excretion is considered on p. 1003 ; for effect of adrenal cortex on Na+ and K+ 
excretion see p. 945.] 

2. Detailed Study of Renal Dynamics. — In more refimed analyses 
of renal function tbe following data should be obtained : (a) renal plasma 
flow and total blood flow (diodrast clearance value (p, 36)) ; (b) glomerular 
filtration volume (inulin clearance value (p. 35)) ; (c) filtration fraction 
(p. 27) ; tubular excretory maximum (T^), i.e. maximal power of the renal 
tubules to excrete specific substance, e.g. diodrast (p. 40), ^ 

Extirpation of the Kidneys. — Latent (Asthenic) Uraemia.^ — 
Removal of one kidney results only in a transient increase in tbe non-protein 
nitrogenous compounds (N.P.N.) of tbe blood. If three-quarters of tbe renal 
tissue is removed, recovery may take- place with bttle change in tbe blood 
urea and N.P.N. if tbe protein intake is modest (cf. p. 71), but on high 
protein diets tbe blood nitrogen rises. 

If both kidneys are removed, or if there is obstruction of both ureters or 
^ Harrison and Mason , Jl/edicz?ic, 1937, 16 , 1. 

3* 
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of the renal tubules, a clinical syndrome develops to which the term htent 
(asthenic) ur(Bmia is applied (cf. p. 183). There is a great increase in the 
non-protein nitrogenous constituents (N.P.N) of the blood. The rise in blood 
wea may sometimes be to as much as 900 mg. per 100 c.c. Ammonia does 
not appear in the blood (it is normally absent from blood) as it is made by the 
kidneys. The patient looks ill and cachectic, anaemia develops and body 
tempiature becomes subnormal. There is a yeUowish-grey discoloration of 
the face and hands, and eruptions (vesicular, petechial, or haemorrhagic) 
appear on the skin. The mental state is one of apathy, listlessness, and ready 
fatiguability ; the patient moves and speaks slowly, dozes frequently, but 
answers intelligently when roused. The tendon reflexes are initially exag- 
gerated and later depressed ; muscular twitclmg is common but conyuUions 
are rare. There is a good deal of gastro-intestinal derangempt, consisting of 
vomiting (which may be copious even when the changes in the blood are 
still slight), colitis, and diarrhoea. Respiration becomes deep and sighing. 
There is little if any rise of blood ^essure, even terminally. Deep coma sets 
in a few hours before death, which occurs after 5—7 days. 

Mechanism. — There is uncertainty as to the mode of causation of the 
symptoms of latent uraemia. 

(i) There is surprisingly little evidence that the accumulation of the end 
products of protein metabolism is harmful. It is true that if extremely large 
amounts of urea are given by mouth to normal people they prove toxic ; 
but an important factor may then be the increased diuresis and resulting 
dehydration. Nitrogenous retention without water loss can be produced by 
implanting the ureters into the small intestine ; the nitrogenous bodies are 
reabsorbed into the blood. When their concentration rises markedly, no 
obvious symptoms are set up. Again, there is no close relationship in cases 
of latent uraemia between the blood urea level and the degree of intoxication. 

(ii) Urea (in uraemia) is present m high concentrations in the intestinal 
mucosa ; it is suggested that it may decompose locally to form ammonia 
which is highly irritating and may be responsible for the gastro-intestinal 
disturbance. A urease (capable of splitting urea and releasing NHg) has been 
demonstrated in normal gastric mucosa. 

(iii) Large doses of creatinine are not toxic. 

(iv) There is little change in the blood reaction. 

(v) The serum Cl' and Na+ may rise because of retention if the secretion 
of urine ceases, or fall through loss in the vomit or faeces. Disturbances in 
the electrolyte balance may produce serious symptoms (cf. p. 65). 

(vi) Serum K+ and phosphate increase as a result of “ retention.” The rise 
in phosphate may secondarily lower serum Ca++ level. Changes in K+ and 
Ca++ balance are known to affect the excitability of nerve flbres, nerve centres, 
and skeletal muscle (pp. 520, 523, 1004). 

(vii) finally some unknown organic metabolites may be a factor in 
causing the coma. 

Nephritis. — The classification employed here is that of Ellis, Evans, and 
Wilson^ which is based on a follow-up of about 600 cases over a period of 
20 years ; 200 of these cases were examined histologically after death. They 
divide nephritis into two main types, i,e. Type 1 and Type 2. 

^ Ellis, Lancet, 1942, i, 34. 72. Hadfield and Garrod, Recent Advances in Patholoav, 
6th Edn., London, 1947. 
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(1) Type 1 Nephritis {diffuse nephritis; glomerulonephritis; inflam- 
matory Bright's disease). — This condition affects mainly children and young 
adults. A history of acute infection, usually of the upper respiratory tract 
is generally obtained. The onset is abrupt and accompanied by malaise, 
vomiting, and headache ; gross haematuria is usually found at this stage. 
(Edema is present at the onset affecting the face and ankles ; it is not pro- 
gressive and is of short duration. Hypertension of varying degree is an early 
sign in most cases. Over 80% of the cases make a complete recovery ; the 
rest either die in the acute stage or pass into a state of chronic nephritis. 

In fatal cases the glomeridi throughout the kidneys are affected by a 
specific infiammatory process. Initially there is increased glomerular per- 
meability as shown by the passage of blood or albumin in the urine ; histo- 
logically the capsular space is filled with exuded leucocytes. The capillary 
endothelimn of the glomeruli and the epithelium of Bowman’s capsule pro- 
liferate and obstruct the blood jdow through the glomeruli. This infiam- 
matory renal ischffiinia (like experimental renal ischaemia (p. 345)) may be 
supposed to cause hypertension by release of excess renin and consequent 
production of hypertensin (p. 349). In cases that do not resolve quickly 
the hypertension in its turn damages the blood vessels, with a special pre- 
dilection for the afferent glomerular arterioles. The ischaemia of the kidney 
is aggravated, more renin and hypertensin are formed, and a hypertensive 
vicious circle is set up which (as explained on p. 357) leads to progressive 
destruction of the kidneys and death from uraemia, heart failure, or vascular 
accidents. 

The renal haemodynamics have not been adequately studied m acute cases 
of Type 1 nephritis. It can be assumed from the pathological changes that 
both the renal blood flow and the glpmerulaf 'filtrate volume are reduced, 
leading to failure of renal excretory activity. The volume of urine is 
reduced, e.g. to 100 c.c. or lessj the urine contains blood, albumin which has 
leaked out of the plasma as it passes through the glomeruli, and casts from 
the injured tubules. Water, electrolytes, and waste products are retained ; 
the plasma volume is increased ; the blood urea and non-protein nitrogen 
rise ; the plasma protein concentration falls. It has been observed that in 
cases in which the blood pressure is normal or only slightly raised the volume 
of urine is very small or anuria develops ; the moderate hypertension com- 
monly present thus has some compensatory value in driving blood through 
the affected glomeruli. If the hypertension is severe (over 170 mm. Hg) 
cerebral changes occur described as hypertensive encephalopathy which are 
probably the result of abnormalities in the blood supply to the brain ; the 
symptoms are severe headache, vomiting, excitement, convulsions, blindness, 
and coma. 

(2) T 3 q)e 2 Nephritis {chronic parenchymatous nephritis ; nephrosis ). — 
The age distribution is wider than in Type 1, most of the oases occurring 
in adidts. The onset is insidious without any history of an acute infection. 
Probably the first indication of the disease is albuminuria ; there is no hsema- 
turia at the onset. Patients usually first seek advice because of the develop- 
ment of CBtfema, . which is invariably present and is progressive, persistent, 
and often very severe. About 95% of the patients die of the disease. 

In the oedematous phase the distinctive glomerular lesion is a hyaline 
thickening of the basement membrane of the wall of the capillary loops ; 
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this anatomical change is associated with greatly increased ca,pillai 7 per- 
meability to protein wMch. leads to the loss of albumin in the urine. In this 
phase the renal tubules are characteristically affected : the lining cells contain 
large amounts of anisotropic lipide material. The oedematous phase may 
pemist for years and the patients are very liable to die of secondary infection. 
The glomerular change is relentlessly progressive pd sooner or later the 
glomerular capillaries become obliterated and hyalinized. The result is renal 
Lihaemia with resulting hypertension and renal failure. 

The glomerular change in Type 2 nephritis {i.e. increased permeability 
with ade^ate blood flow) accounts for the albuminuria which in its turn is 
indirectly the main cause of the oedema (p. 112 ). The functional results of 
the early tubular changes are unknown. 

Other Causes op Ebnal Injury. — As explained on p. 356 the commonest 
cause of renal damage is essential hypertension. The Hdney is also involved 
in a variety of miscellaneous disorders like pyelonephritis or polycystic kidney. 

The end result in aU forms of renal damage, if the patient survives long 
enough, is progressive obliteration of the glomeruli, atrophy of the corre- 
sponding tubules ; renal ischaemia ; renal failure ; hypertension and its 
usual sequelae ; this condition may be called chronic nephritis. 

Chronic Nephritis— In this phase of the disease patients generally 
show varying degrees of reduction in renal blood flow and in the volume of 
the glomerular filtrate, depending on the severity of the case. Nitrogenous 
retention (raised blood urea and N.P.N.) consequently develops. Damage 
to the renal tubides impairs the reabsorption of water ; there is polyuria 
and the urine has a low specific gravity. Failure to excrete acid radicals 
(phosphate and SO 4 '') may lead to acidsemia ; this condition is aggravated 
by the diminished power of the kidney to make NH 3 to neutralize the excess 
acid radicals and by the decreased reabsorption of BHCO3. Failure to 
reabsorb the normal amounts of Na+ and Cl' may cause some salt depriva- 
tion. The failure of the NHg mechanism involves drainage of fixed base 
from the body. As base is being lost there is no rationale for the conven- 
tional low salt diet in this type of nephritis. An ample salt intake should 
be provided to preserve the electrolyte pattern of the plasma. The plasma 
changes are thus complex and variable. Examination of renal function by 
modern methods in chronic nephritis indicates that patients show varying 
degrees of reduction of renal blood flow and of the volume of glomerular 
filtrate, depending on the severity of the case. 

Sthenic Uraemia. — ^During the acute phase of Type 1 nephritis or in 
the terminal phases of chronic nephritis or essential hypertension a syndrome 
may develop known as sthenic urcemia, characterized by marked nitrogenous 
retention, dyspnoea, marked hypertension, often epileptiform convulsions, 
and gastro-intestinal disturbances. These findings are due partly to failure 
of renal excretory activity and partly to circulatory disorders. 

(1) Blood Changes. — These are due to renal failure, and the changes in 
fluid and electrolyte balance resulting from diarrhoea, vomiting, and the 
forms of treatment employed. 

(i) There is an increase of the non-protein nitrogen (N.P.N.) from the 
normal level of 25-40 mg-% to 50, 100, or even 300 mg-% ; the blood urea 
may be 200 mg-%, the uric acid 5-27 mg-%, and the creatinine 2-40 mg-%. 
Exceptionally the level of blood nitrogen may be little altered. 
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(ii) An increase in serum phospliate and a (consequent) fall in the serum 
calcium (to 6 mg-%) have been noted in some cases ; this may be the cause 
of the twitching that occurs, t.e, it is analogous to that seen in tetany (p. 1007). 

(iii) In some cases of uraemia there is a considerable “ metabolic ” acidaemia 
owing to the renal disturbances described on p. 76 ; there is consequently 
great hyperpnoea, and a resulting compensatory fall in the alveolar and 
arterial CO 2 tension (p. 456). The acidaemia may give rise to convulsions and 
coma, and further damage the renal tissue. If alkali is given in sufficient 
doses to restore the normal blood reaction, the convulsions may cease, con- 
sciousness is restored, and there is improved renal function, as shown by a 
diminished amount of albumin and casts in the urine. The improvement is of 
necessity only temporary. 

(2) Respiratory Changes. — As a result of the poisoned and depressed 
condition of the respiratory centre, Cheyne-Stokes breathing (p. 464) and 
paroxysmal dyspnoea (p. 463), especially at night, may be present. 

(3) Gastro-Intestinal Changes. — Vomiting and diarrhoea are common. 
Vomiting may in part be of cerebral origin. Both disturbances may be 
due to irritation of the mucous membrane of the bow'd from the excretion 
into it of some hypothetical poisonous body or the formation of ammonia 
from retained urea (cf. p. 74). Ulceration of the bowel (colon, lower ileum) 
is often present, and may be associated with bloody stools. 

(4) Hypertension and Convulsions. — The hypertension in sthenic 
uraemia is not due to the retention of substances normally excreted in the 
urine as it does not occur after double nephrectomy or blocking of the ureters 
(p. 74). The hypertension is due to neurogenic or humoral factors, e.g, 
increased sympathetic activity or pressor substances released by the kidneys 
or other organs. 

Convulsions like those seen in sthenic uraemia may occur without signs of 
renal failure in essential hypertension ; the syndrome is known as hypertensive 
encephalopathy. The convulsions are attributed to cerebral anaemia resulting 
from spasm of the cerebral arterioles or obstruction of these vessels by small 
thrombi. 

Another factor may play a part in the renal cases, namely cerd^ral oedema 
and raised intracranial pressure. Attention has been drawn (p. 59) to the 
resemblance between the symptoms of water intoxication and those of sthenic 
uraemia. Lumbar puncture in uraemia frequently reveals the cerebrospinal 
fluid to be under increased pressure ; after removal of the excess fluid 
temporary improvement may occur. One can readily understand how 
cerebral oedema may cause headache, vomiting, loss of sight, convulsive move- 
ments, and coma (p. 125). It may also be supposed that hypertension may 
sometimes develop secondarily to the increased intracranial pressure ; it would 
then represent an attempt to maintain an adequate cerebral circulation. 

Complete renal failure causes death in about 10 days. In some cases of 
acute failure there is reason to believe that if the patient could be kept alive 
sufficiently long the kidney might recover its functions ; for this reason 
attempts have been made to devise a temporary artificial substitute for the 
kidney. It is difficult to assess the value of these somewhat heroic methods 
as spontaneous recovery sometimes occurs after a number of days without 
such treatment. The two principal methods used are (i) the “ artificial 
kidney ” ; (ii) peritoneal lavage. 
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Artificial Kidney, — The apparatus consists essentially of 30-45 metres 
of cellophane tubing spirally wound round a cylinder which is rotated in a 
tank of warm rinsing ” fluid consisting of a modified Ringer’s solution. 
The patient is heparinized and his blood flows from a cannula inserted into 
the radial artery through the cellophane tube whence it is pumped back 
into a vein. In this ‘‘ ladney ” exchange of diffusible crystalloid substances 
takes place between the plasma and the surrounding rinsing fluid. As the 
latter is free from nitrogenous waste products, these diffuse out of the plasma 



JUNE 

Fig. 44. — Resxilts of Treatment with Artificial Kidney. 

Upper record : Blood urea in mg. per 100 c.c. 

Lower records : Volume of urine in c.c. and amount of urea in grammes excreted each day. 

The records are flrom a man aged 38 who had shown signs of glomerulonephritte for 3 weeks. The blood 
urea on admission was 700 mg-% ; blood pressure : systolic 220, diastolic 120 mm. Hg. 

In the first dialysis 120 litres of blood were circulated through the artificial kidney : 263 g. of urea were 
thus removed and the blood urea fell to 190 mg'%. 

Daring this period the daUy excretion of urea in the urine was only about 6 g. 

The blood urea rose again to 385 mg-%. A second dialysis of 72 litres of blood led to the removal of 
2? patient died of heart failure. (W. J. Kolff, New Ways of Treating Uremia, 

Churchill, London, 1947.) 

and^ are thus “ excreted ” ; by suitably modifying the composition of the 
rinsing fluid the plasma can be made to take up or lose such constituents as 
water, Na+, K+, Cl', or H+ ions. Though the blood flow through the machine is 
100-200 c.c. per minute compared with a normal renal blood flow of 1200 c.c., 
it can “ clear ” 80-150 c.c. of plasma of its urea content, compared with a 
normal renal urea clearance of 75 c.c. Figs. 44 and 45 show that very large 
amounts of urea can be e limin ated by the artificial kidney with a corresponding 
lowering of the initially high blood urea level ; other waste products are 
simultaneously got rid of, e,g, the blood creatinine may fall from 5*4 to 2*3 
mg-% and the blood uric acid from 9-7 to 2-3 mg-%. Kolff ^ recommends 
that the use of the apparatus be considered when the blood urea exceeds 
77 Treating Urcemia, London, 1947 ; Clevdand Clin, Quart,, 1960, 
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350 mg-%. Tlie great limitation of tlie machine is that it is inanimate and 
lacks the power of the normal kidney of sensitively responding to changes 
in blood composition in such a manner as to preserve the constancy of the 
milieu interieur. With the machine all kinds of derangements of fluid and 
electrolyte balance may occur with all their undesirable consequences. But 
some lives have been saved by its use. 



JULY 

Fig. 45. — Results of Treatment with Artificial Kidney. 

Upper record : Blood urea in mg. per 100 c.c. 

Lower records : Volume of urine in c.c. and amount of urea in grammes, excreted each day. 

The records are from a girl aged 13 who developed acute glomerulonephritis. On admission she had 
oedema of the lungs, bronchopneumonia, cyanosis, cardiac enlargement, and an enlarged tender 
liver. She was very ill, restless and disorientated. Blood pressure : systolic 120, diastolic 60 mm. Hg. 
There had been anuria for a week before admission. 

Blood urea on admission, 365 mg-%. 34 L of the patient’s blood were dialysed through the artificial 
Mdnev in 4i hours : during this period 46 g. of urea were removed. The blood urea fell &om 265 
to 140 mjz-%. The fiow of urine restarted during the dialysis and progressively increased. The 
patient recovered. (W. J. Kolflf, New Ways of Treating Urcemia, Churchill, London, 1947.) 

Peritoneal Lavage. — The rinsing fluid is perfused through the peri- 
toneal cavity at the rate of 1 litre per mmute, and diffusion takes place 
between it and the intestinal and peritoneal capillaries. This method is much 
less efficient than the artificial kidney, the urea clearance for example being 
only 16 c.c. per minute ; but it has the merit of relative simplicity. Even 
with this procedure control of the electrolyte balance by means of frequent 
blood determinations is essential. 


PLASMA VOLUME. CELL VOLUME. TOTAL BLOOD VOLUME. 
EBGULATION OF BLOOD VOLUME i 


The measurement of plasma volume, cell volume, and total blood volume 

is described on pp. 9 et seq. j, x . . 

Pkisma volume regulation is part of the general problem of body water 
regulation. CeU volume depends on the number and size of the cells ; as 
1 Eowntree and Brown, Volume of Blood and Plasma in Health and Disease, Phila., 
1929. 
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REGULATION OF PLASMA VOLUME 

the vast majority are erythrocytes the cell volume depends on the activity 
of the blood-forming system (red marrow) and the blood-destroying system 
(macrophages). Plasma volume and cell volume may vary independently of 
one another and are influenced by quite distinct sets of factors. In abnormal 
states large variations in corpuscular volume occur (due to anaemia or 
polycythsemia) ; these are more compatible with life than changes of similar 
magnitude in the plasma volume. The state of the total blood volume depends 
on the accuracy or otherwise with which its constituent parts plasma 
volume and cell volume — are regulated. , , , . 

Normal Blood Volume.— The volume of the blood in normal subjects 
(male and female) is 70-100 c.c. per kg. body weight ; that of the plasma is 
40-60 c.c. per kg. (average 50 c.c. in males, 48 c.c. in females). The volumes 
are more closely related to surface area ; per square metre of body surface 
(cf. p. 378) the volume of the blood is 2500-4000 c.c. and of the plasma 
1400-2500 c.c. (average 1*8 htres in males and 1*6 litres in females). The 
total blood volume is about one-eleventh of the body weight, or 6 litres in 
an average adult. 

The blood and plasma volumes vary with age ; before puberty, the 
volumes in relation to body weight are below adult standards. The blood 
volume increases during pregnancy and falls again after delivery ; this fall is 
only partly accounted for by the haemorrhage associated with parturition. 

Distribution of Blood in Different Organs. — Few data on this 
subject are available for man. The two legs and arms together contain at 
rest about 20% of the blood volume. If occluding cuffs are applied to three 
of the limbs and distended at diastolic blood pressure, the arterial inflow 
continues but the venous return is stopped ; maximal venous engorgement 
of the limbs takes place. The additional volume of blood in the limbs may 
be 900 c.c. This procedure depletes the general circulation of blood and 
produces the effects of a venesection of equal size ; it may be employed as 
an emergency measure in cases of congestive heart failure to decrease the 
central venous pressure and the load on the heart (Fig. 159, p. 275). 

The lung vessels in man contain about one litre of blood. This blood may 
serve as a reservoir and be discharged in part into the systemic circulation 
during emergencies ; thus after venesection to the extent of 380 c.c., the vital 
capacity may increase by 150 c.c. and the total lung volume by 180 c.c. owing 
to a decrease in the capacity of the pulmonary vascular bed. Conversely, in 
circulatory plethora excess fluid is stored in congested pulmonary vessels. 

Regulation of Plasma Volume. — This is effected in two main ways : 

(i) By appropriate adjustments between the plasma and the rest of the 
body fluid ; 

(ii) by adjustments in the volume of urine secreted. 

Some relevant general observations on the regulation of the volume of 
fluid in the different compartments, fully discussed elsewhere (pp. 55-67), 
may usefully be summarized here. 

(1) Simple excess water is stored uniformly throughout all the fluid com- 
partments, with an ultimate uniform fall in the crystalloid osmotic pressure 
of all the body fluids. 

(2) Smple water loss leads to a uniform decrease of water content and an 
increase in crystalloid osmotic pressure in all the fluid compartments. 

It should be noted that in simple water excess or loss, the plasma volume 
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is buffered ’’ (protected) by all the rest of the body fluid. Again, as the 
secretion of the antidiuretic hormone is sensitively regulated by the crystal- 
loid osmotic pressure, the response of the kidney to simple water excess or 
loss is prompt and effective, so not only is the volume of the plasma preserved 
but also that of the other body fluids (p. 53). 

(3) Simple salt {NaCl) excess raises the crystalloid osmotic pressure of the 
plasma and the interstitial fluid ; consequently fluid is withdrawn from the 
intracellular into the extracellular compartment. Extracellular fluid in- 
cluding plasma volume increases, while intracellular fluid volume decreases, 
In other words, the normal distribution of fluid in the three compartments 
is sacrificed ’’ in the interest of minimizing the rise of crystalloid concentra- 
tion in the extracellular fluid (p. 62). 

(4) In simple salt {NaOl) deficiency the reverse changes occur (p. 64). 

The renal responses in (3) and (4) are considered on pp. 63, 64. 

• (5) Administration of an isosmotic {isotonic) NaCl solution leads to an 
increase in the extracellular fluid volume including that of the plasma. As 
there is no change in the crystalloid osmotic pressure of the plasma there is 
no movement of fluid into the intracellular compartment which in this condi- 
tion does not help to protect the extracellular fluid volume (p. 60). The 
excess plasma volume is transferred to the interstitial compartment, not by 
crystalloid osmotic pressure changes (for none occur) but owing to an increase 
in capillary blood pressure and a decrease in plasma protein osmotic pressure 
(p. 15). The renal changes are considered on p. 60. 

The preservation of the relative constancy of the plasma volume in a 
variety of conditions is discussed fully elsewhere as follows : 

(i) Effects of water drinking, p. 55. 

(ii) Effects of water deprivation, p. 66. 

(iii) Effects of salt excess, p. 62. 

(iv) Effects of salt deprivation, p. 64. 

(v) Effects of intravenous injection of isotonic saline at different rates, 

pp. 59, 61. 

(vi) Effects of drinking isotonic saline, p. 62. 

(vii) Effects of ingesting or injecting hypotonic or hypertonic saline, 

pp. 126, 127. 

The interchange of fluid between the plasma and the tissues at rest and 
during activity is considered in detail on pp. 18-21. 

Haemorrhage. — The effects of haemorrhage depend not only on the 
volume of blood which is lost, but also on the rate at which this loss occurs. 
The compensatory powers of the body are very great, but they take time to 
develop their maximum effect, so that a sudden large haemorrhage is more 
serious than a greater loss spread out over a more prolonged period. 

Immbbiate Effects of Seveke Hjemorrhage. — The effects of a large 
acute haemorrhage in man have been studied by withdrawing 15-20% of 
the blood volume (750-1200 c.c.) in 6-13 minutes under carefully controlled 
conditions in professional donors who had been repeatedly bled and were 
thoroughly familiar with the effects of venesection.^ As the bleeding pro- 
ceeded the face turned pale, and the hands became cool and sweaty. The 
systolic blood pressure fell by about 10 mm. Hg, the diastolic pressure was 
— 1 Ebert, Stead and Gibson, ArcA IrU. Med., 1941, <95, 583. 
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unchanged, and the heart rate rose by 15-30 beats per minute ; the venous 
pre^iire feU considerably. Five of the six subjects developed signs of circula- 
tory collapse 1-4 minutes after the end of the venesection : the blood pressure 
fell markedly, the heart rate was lowered to 36-50 beats per minute and the 
skin colour became ashen grey. The subjects felt very weak and vision was 
blurred ; they complained of nausea and retching, sweated a good deal, and 
responded slowly to words of command ; one subject lost consciousness. In 
two of these subjects who were untreated the heart rate remained slow and 
the blood pressure stayed below 100 mm. Hg for 30 minutes. During the 
next 12 hours their circulation was adequate in the recumbent position, 
though pallor persisted, but if they stood up they fainted. After 24 

hours they could get out of bed safely. 

Fig. 46 enables the sequence of events in 
haemorrhage to be followed. 

(1) Blood Volume and Cardiac Output . — 
The loss of blood, of course, decreases the 
blood volume ; the venous pressure and the 
right auricular pressure fall (e.g. from 12 to 
7-5 cm. saline) ; the venous return is dimin- 
ished and the cardiac output is reduced (e.g. 
from 8*0 to 5*0 litres per minute). 

{^) Blood Pressure and Peripheral Gircula- 
tion.~Th.e blood pressure varies as the pro- 
duct of the cardiac output and the peripheral 
resistance (p. 302) ; if all other factors remain 
unaltered halving the cardiac outp ut should 
halve the blood pressure. In fact, however, 
the blood pressure only falls by some 10 mm. 
Hg ; this indicates that the peripheral resist- 
ance has undergone a compensatory increase of 
about 50%. This vasoconstriction is due partly 
to diminution of the normal tonic inhibitory 
activity of the sino-aortic nerves on the 
vasomotor and adrenaline-secreting centres.^ 

^ In addition fr^sor afferent impulses pass up 
from the chemoreceptora which are stimulated by 
anoxia (p. 746). [Section of the vagi after a severe 
haemorrhage may therefore cause a marked fall of 
pressure (Fig. 188).] 



Fig. 46. — Circulatory Changes in severe Haemorrhage 
in Man, followed by a Faint (cf. Figs. 168, 159, 
p, 276). 

necords from above downwards are : heart rate per minute ; 
percentage change in total peripheral resistance (0 on 
chart=initial level in subject) ; systolic blood pressure in 
mm. Hg ; right auricular pressure in cm. of saline ; cardiac 
output In litres per minute. 

Bapid venesection to 1080 c.c. in 10 minutes was followed 
by a front at the point indicated on chart. Note that the 
onset of the faint is associated with a marked fall of blood 
pressure (to 40 mm. Hg), slowing of the heart, and a great 
decrease in the total peripheral resistance ; the last change 
is due to sudden marked dilatation of the muscle blood 
vessels. (Barcroft, Edholm, M'Michael and Sharpey- 
Schafer, Lancet, 1944.) 
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The msomotor centre discharges more actively, leading to greater constriction 
of the skin vessels (accounting for the cold pale skin) and the splanchnic 
area, including the renal vessels \ the direct depressor effect of the hsemorrhage 
on the blood pressure is thus, for a time, largely kept in check. Adrenaline 
secretion is increased and acts peripherally to produce the same effects. 

(3) Blood Stores, — The spleen contracts in some species (but probably not 
in man), discharging red cells stored in its pulp into the circulation. The 
pulmonary vessels constrict, expelling 150-200 c.c. of blood into the systemic 
circulation (p. 80). 

By means of the compensatory reactions described (chiefly those in (2)) 
the blood flow to vital organs like the brain and heart is kept up to the best 
possible extent under the circumstances. 

(4) Heart Rate. — The heart rate in haemorrhage quickens {e.g. from 70 to 
100 beats per minute) in spite of the associated fall of venous pressure which 
tends reflexly to slow the heart (p. 272) ; the cardiac acceleration is mainly 
brought about reflexly, via the sino-aortic nerves, by the fall of arterial 
pressure. Normal vagus tone is the result of reflex stimulation of the vagus 
centre by afferent impulses in the sino-aortic nerves set up by the arterial 
pressure ; the fall of blood pressure diminishes the afferent impulse stream, 
diminishes the stimulation of the vagus centre, decreases vagal “ restraint 
of the heart and so produces cardiac acceleration. The cardiac quickening 
has no beneficial effect on the cardiac output per minute as the heart cannot 
pump out more blood than it receives ; the output per heat falls from 110 c.c. 
to 50 c.c. 

(5) Respiration is reflexly stimulated by the fall of blood pressure and 
the anoxia ; it becomes rapid, shallow or ‘‘ sighing ’’ in character. Because 
of the loss of circulating hssmoglobin, haemorrhage leads to a decrease in 
oxygen-carrying power ; but this failure of oxygen transport is less serious 
than the circulatory failure described above. Most of the symptoms of 
haemorrhage are rapidly overcome by an adequate transfusion of plasma 
(which does not increase oxygen-carrying power). It may also be pointed 
out that the far greater loss of oxygen-carrying power which occurs in 
severe anaemia {e.g. pernicious anaemia) is not associated with such grave 
symptoms. 

(6) Renal Changes. — These are well illustrated by the following example. 
In a severe case of duodenal haemorrhage in which the blood and plasma 
volume were reduced respectively to 4*1 and 2*9 litres, the glomerular filtration 
(inulin clearance) was only 25 c.c., and the renal plasma flow (diodrast clear- 
ance) 70 c.c., per minute. The decrease in renal plasma flow is due to the 
decreased cardiac output and lowered arterial blood pressure combined with 
marked renal vasoconstriction ; the filtration fraction in the glomeruli in 
the case just recorded was about 0*5 (normal 0*2), indicating selective vaso- 
constriction in the efferent glomerular vessels (cf. p. 25). It should be 
remembered that in haemorrhage there may be constriction or closure of the 
interlobular arteries preventing the blood reaching the cortical glomeruli and 
tubules (p. 26), with diversion of the blood flow through the medulla ; the 
diodrast clearance may thus give an underestimate of the true renal blood 
flow but it measures the effective renal blood flow well enough (cf. p. 39). 
Seventeen hours after receiving a blood transfusion of 850 c.c., the blood and 
plasma volumes were raised in the patient to 5*4 and 3*8 litres. The glomerular 
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filtrate was 55 c,c. and the renal plasma flow 170 c.c. After complete recovery 
these latter values were 90 and 810 c.c. respectively. 

The impaired renal circulation resulting from a haemorrhage leads to a 
great decrease in urine flow and to nitrogenous retention in the blood. The 
level of blood urea 1 hour after the haemorrhage was about 100 mg-% ; it fell 
gradually to normal as the renal blood flow rose. 

(7) Mechanism of the Faint . — When the blood loss is very large the cardiac 
output falls further, but the outstanding event is the failure of the peripheral 
resistance. The exact cause is not known, but there is marked dilatation of 
the Vessels in the skeletal muscles, leading to a collapse of the blood pressure 
(e.g. to 40 mm. Hg). There is also great cardiac slowing that is as yet un- 
accounted for. The diminished blooa'fldw to the brain results in impairment 
or loss of consciousness (fainting). [Cf. hcemorrhagic shock, p. 341.] 

Restobation of the Blood after Haemorrhage. — The Table below and 
Fig. 47 summarize the changes in the blood during the natural recovery 


Blood Constituent. 

Normal 

Initial 

Values. 

Remove 
1070 c.c. 
of blood. 

After 

1 hr. 

After 

24 hrs. 

After 

72 hrs. 

Plasma volume (c.c.) 

Red cell volume (c.c.) 

Total blood volume (c.c.) 
Plasma protein (g-%) . 

Total plasma protein (g.) 
Added plasma protein (g.) 
Hsemo^obin (g-%) 

2980 

2770 

6750 

6*8 

203 

16-2 

2430 

2260 

4680 

6*8 

163 

16-2 

2660 

2340 

6000 

6-3 

167 

4 

16-8 

2900 

2360 

5260 

6-4 

186 

23 

13*2 

3360 

2120 

6480 

6*2 

206 

42 

12-2 


process after haemorrhage. First the water, then the plasma proteins, and 
lastly the lost haemoglobin and red blood cells are restored. 

(1) Fluid begins to flow into the blood from the tissue spaces almost before 
the haemorrhage is over ; after one hour there is some improvement in the 
plasma volume with a corresponding fall (owing to dilution) of the plasma 
protem and haemoglobin concentrations. Plasma volume may be fully 
restored in 24 hours and may then rise to higher values to compensate for 
the volipe of lost red cells which have not yet begun to regenerate. The 
mechamsm of restoration of plasma volume is as follows: haemorrhage 
results as stated m a fall of venous pressure (owing to underfilling of the 
vasc^ar bed by the reduced blood volume) and consequently the capillary 
blood pressme falls. The balance between the capillary blood pressure and 
plasina protem osmotic pressure is disturbed (p. 18) with the result that 
fluid flows into the vessels from the tissue spaces. 

(2) Aditional yroteiw begins to appear in the plasma within a few hours, 
and the lost plasma protem may be replaced within a few days (p. 137). The 
r^toration of plasma protein may be due to rapid mobilization of reserve 
stores m depots (hke the hver) and probably also to fresh plasma protein 
m^i^acture (m the hver). The return of protein to the plasma keep? up its 

circulation to be retained m spite of rismg capillary blood pressure. 
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(3) The rise in red cell volume is delayed for some days, and then sets in 
as increased activity takes place in the red bone marrow ; the effective 
stimulus to the marrow is anoxia resulting from the decreased oxygen- 
carrying power of the blood. As the normal blood condition is approached 
the anoxic stimulus becomes progressively weaker and the process of regenera- 
tion correspondingly slows down. The red cells and haemoglobin are restored 
in 3-6 weeks if the diet is satisfactory and contains adequate amounts of the 
necessary raw materials (e.g. iron, protein) (p. 194). The total blood volume 
reaches normal value when the corpuscular regeneration is complete. 

It is unlikely that contraction of the spleen in man plays any important 
part in replacing the lost circulating cells. 

It should be stressed again that immediately after a haemorrhage the total 
haemoglobin content of the blood is reduced, but the haemoglobin percentage 
is unchanged. As the plasma volume is restored, the haemoglobin percentage 



Fig. 47. Diagram showing Recovery of Plasma and Cell Volume and Haemoglobin after 

Haemorrhage in Man. (Wright et al.j Lancet, 1938.) 

The clear columns represent plasma volume and the hatched columns ceU volume (in c.c. per The 
thick line (Eb) represents haemoglobin percentage. Half the blood was lost. Note the rapid 
restoration of the plasma volume and resulting fall in haemoglobin percentage. I^ater there is a slow 
recovery of the cell volume (and of total blood volume} and of percentage haemoglobin. 


correspondingly falls owing to simple dilution. As the red cells are regenerated 
the haemoglobin percentage correspondingly rises (Fig. 47). 

If the oxygen lack is very severe, as after a large haemorrhage, the red 
marrow may itself be so adversely affected that the process of red cell restora- 
tion may be hampered. i . 

Nucleated red cells may appear in the circulatmg blood durmg recovery, 
as well as immature cells (reticulocytes) or badly shaped forms (poi^locytes). 
Many small red corpuscles are found, tending to make the average diameter of 
the red cells lower than normal. The cells may be deficient in haemoglobin 

(Fig. 94, A). . p 1 1 1 • -u 

Aids to Recovery.— The full restoration of the plasma volume is hamp- 
ered if the patient is dehydrated and the volume of his interstitial flmd is 
reduced ; conversely, it is greatly facilitated if plenty of fiuid is available 
from the tissue spaces. In cases of emergency, fiuid must be introduced 
directly into the blood vessels so as to maintain an effective circulation. 

(1) Saline injected intravenously, though it temporarily replaces the lost 
fiuid, is rapidly eliminated, because it dilutes the proteins of the plasma ; it 
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also lowers the viscosity of the blood. For these reasons it does not maintain 
the blood pressure for more than a short time and is useful only as a temporary 
expedient in an emergency (Fig. 48). Saline absorbed from the subcutaneous 
tissues or the bowel is very useful and is better retained, but the effects take 
longer to develop (cf. p. 62). 

(2) Plasma injected intravenously is retained for a much longer time 
owing to the osmotic pressure of the contained plasma proteins ; it raises 
both the plasma volume and the blood pressure and if given in adequate 
volume it restores the clinical condition practically to normal although it 
provides no oxygen-carrying power (Fig. 48). This observation shows that 
the grave effects of haemorrhage are mainly due to decreased circulating volume. 


140 1- CITRATED BLOOD 



MINUTES 

Fiq. 48. — ^Effect of Transfusion on low Blood Pressure following Haemorrhage. 

Kxpeiim^ts on Cats. Standard severe initial haemorrhage to lower blood pressure to 30-40 mm. He 

Inject equal volumes (in different experiments) of citrated whole blood, citrated plasma, saline. 

I^ote varying degrees of recovery of the blood pressure. (Schweitzer et aL, Lancet, 1940, li, 507.) 

(3) The ideal method is hhod transfusion, which provides a fluid of the 
right viscosity and osmotic pressure, and restores the blood volume, blood 
pressure and the oxygen-carrying capadty of the blood to their normal levels. 
Two essential precautions must be observed : the blood must be kept fluid, 
i.c coagulation must be prevented (p. 143) ; and the compatibility of the 
offered red blood corpuscles must first be determined (p. 181). 

Fig. 48 shows the relative effectiveness of equal volumes of 0-9% saline, 
plasma, and citrated blood ad mini stered immediately after a severe experi- 
ment^ nsemorrhage. Plasma (and serum) are only a little less satisfactory 
t^n blood m restoring the blood pressure permanently ; the improvement 
with sahne is very transient and the animals rapidly succumb. 

Blood Volume in Disease.^^^ — (1) In nephritis the total volume may be 
decreased if the plasma protein is lowered (decreased plasma volume) or if 
1 Gibson, Ann. vnt. Med., 1940-41, 14, 204. 
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the cell count is reduced (decreased cell volume). In the terminal uraemic 
stage of renal disease, marked fluctuations in plasma volume occur owing 
to loss of fluid from vomiting, diarrhoea, or haemorrhage, and from the effects 
of the various therapeutic measures which are so energetically carried out. 

(2) In congestive heart failure the total blood volume may increase by 
20-50% in proportion to the severity of the clinical state ; both plasma and 
cell volume increase, the latter 
sometimes to a greater extent. As 
the condition improves the total 
volume correspondingly declines 
(by 500-1500 c.c.), both plasma 
and cell volume participating in 
the change. 

(3) In diabetes mellitus with 
marked glycosuria, the plasma 
volume is decreased, probably from 
loss of fluid as a result of diuresis. 

This anhydraemia contributes to 
the circulatory failure which may 

. develop (cf. p. 925). 

(4) In some forms of traumatic 
shock there is marked loss of fluid 
into the tissue spaces or of blood 
in the injured areas (p. 342) ; great 
fluid loss may also occur in hums 
(p. 344) and in high intestinal obstruction (p. 108). In all these conditions 
plasma volume may be reduced. The plasma volume is also diminished in 
adrenal insufficiency (p. 955). 

(5) In the ancemias the plasma volume may be mcreased as though to 
compensate for the great decrease in cell volume ; this occurs in severe 
pernicious ancemia and in aplastic anosmia. The total blood volume may or 
may not be diminished. In polycythoemia the blood volume is regularly high 
because of the excessive volume of red cells ; the plasma volume is unchanged 
(Fig. 49). 



Fig. 49.—Plasma Volume, Cell Volume, and 
Total Blood Volume in various Disorders. 

The normal values here shown are somewhat lower than 
those set out on p. 80. (Eedrawn ftom Haden, 
BtdL N.Y, Acad. Med., 1939, 15, 291.) 


REGULATION OF H+ ION CONCENTRATION [ACID-BASE 
BALANCE] OF BLOOD ^ 

Pure water consists almost entirely of undissociated molecules^ of H 2 O ; 
but very slight dissociation does occur giving rise to hydrogen ions (H+) 
and hydroxyl ions (OH').^ 

H20^H++0H'. 

An H+ ion is an H atom minus one (negatively charged) electron ; an OH' 
ion is an OH particle which has gained one electron. The reaction of any 


1 Haldane and Priestley, Respiration, new edn., Oxford, 1935. Gamble, Extracellvlar 
mid. Harvard, 1949. Singer and Hastings, JfediciTie, 1948, 27, 223. 

* According to the teachings of modern physical chemistry, hydrogen ions do not 
exist as H+ but as HsO+ (i.e. as H+ +H 2 O), Fortunately the physical chemists are agreeable 
to the ion being treated as H+ in physiological discussions. 
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fluid (i,e. its acidity or alkalinity) depends on the relative number (not weight) 
of H+ ions and OH' ions ; if there are more H+ ions the solution is acid, if there 
are more OH' ions the solution is alkaline. Pure water is a neutral solution : 
it therefore contains equal numbers of H+ and OH' ions. The concentration of 

{cH) in water is expressed as gramme equivalents of ionic H per litre of 
pure water at 22° C. ; it is written when so expressed as [H+] ; the value is 

J_(where m. stands for million). The equivalent weight of H 

10^ 10m. 

is one. Therefore [H+]=10-^ means that there is 1 g. of H in the ionic form 
in 10 m. L of water (or xg-m. g. in 1 L of water). 

The concentration of OH' in water is also 1 g. equivalent of ionic OH in 
10 m. L, i.e. [OH']=10”^ The equivalent weight of OH is 17 ; therefore 
the weight of OH' in water is 17 g. in 10 m. L of water. But though the 
weight oi OH' in water is 17 times as great as the weight of H+ the number 
of each present is the same ; the use of the gramme-equivalent method of 
notation enables us to compare the relative number of H+ and OH' while 
avoiding the complication of their difference in weight. The gramme- 
equivalent notation likewise enables us to compare the number of chemically 
combining units (p. 12). 

In aU aqueous solutions whatever their reaction the product of [H+] and 
[OH'] is a constant (its value is 10“^^). In the case of pure water : 

[H+]X[OH']=10-’X 

=lVm. X = (SOO footuote 1). 

It follows that if we know the H+ ion concentration of any aqueous solution, 
we can calculate the OH' ion concentration, because the product of the two 
must be 10“^^. We can then compare the H+ ion and OH' ion concentration, 
see which is greater and so know the reaction of the fluid. 

[H+]=10"''^ ; [OH']=10“'^=neutral solution. 

[H+]=10''® ; [OH']=10”®=acid solution ; [H+] is 100 times [OH']. 

[H+]=10"® ; [OH']=10"®=alkaline solution ; [OH'] is 100 times [H+]. 

Note that lowering the size of the index increases the concentration, 10“ 
being a 100 times greater concentration than 10"® (jcfes.)- 

A normal (N.) solution ® of any acid contains 1 g. of displaceable hydrogen 
per litre. A strong acid dissociates almost completely, so that in the case of 
HCl, for example, a normal solution would contain nearly all its 1 g. of 
replaceable H per L in the ionized form, i.e. [H+] is approximately 1. [OH'] 
would, of course, be 10"^^. A decinormal (0*1 N.) solution of HCl would contain 
nearly aU its OT g. of replaceable H per L in the ionic form, i.e. [H+] is 0-1= 
10~^j and [OH']=10"^®. Similarly, a normal solution of any alkali contains 
1 g. equivalent of OH (17 g. OH) per htre. A strong alkali dissociates almost 
completely, so that in the case of N.NaOH the solution contains (nearly) 
all its 1 g. equivalent of OH per L in the ionized form ; [OH']=l, and 

^ Note again that m.= million, and m.m. = million million. 

® A normal (N.) solution of any acid or alkali contains the equivalent weight of the 
substance in 1 L of water. Thus N.HCl contains 36-6 g. per L : N.HoSO. contains 

mol. wt. 98 X ^ & r » 2 4 

“^2 2 ^ * N.NaOH contains 40 g. per L, 
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[H+]=10~^^. Decinormal (0-1 N.) NaOH contains its 0*1 g. equivalent of 
replaceable OH in tbe ionic form, [OH']=0-1=10“^ ; [H+]= 10 "^^. 

In the case of a weak acid (or alkali) ionization is very incomplete, and 
only a small proportion of the replaceable H (or OH) of the compound is in 
the ionic form. This is illustrated in the Table below. 


Degree op Dissociation op Acids and Bases. 


Acids. 

Percentage 

Dissociation. 

Bases. 

Percentage 

Dissociation. 

01 N. HCl . . 

910 

0 -lN. NaOH 

91*0 

0*1 N. Acetic 

1-34 

0-lN. NH 4 OH 

0.4 

0.1 N. Carbonic . 

017 




Note that decinormal HCl or NaOH dissociates almost completely (91%). 
A weak acid like carbonic in 0*1 N. solution is only dissociated to the extent 
of 0*17%. Thus, though decinormal solutions of HCl and HgCOa have the 
same amount of displaceable H per litre, they differ enormously in their 
ionic hydrogen concentration. Thus the [H"*"] of 0*1 N. HCl compared with 
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that of 0*1 N. HgCOg is i. 6 . it is 535 times as great. Similarly the 
[OH'] of 0*1 N. NaOH compared with that of 0*1 N. NH 4 OH is ^ or 228 
times as great. 

To avoid the negative indices of the above method, S 0 rensen has mtro- 
duced another nomenclature, that of jjH ; the letter j> signifies that the 
negative exponent to the base 10 is employed {i.e. pH= — log^ocH). Thus : 

N. HCl [H+]=l =10° pH=0 

0-1 N. HCl „ =0-1 =10-1 „ =1 

0-01 N. HCl „ =0-01=10-® „ =2 

Pure water „ =10 ’ „ =7 

0-1 N. NaOH „ =10-13 „ =13 

N. NaOH „ =10-i« „ =14 

A solution of pH 7 is netUral ; if the pH exceeds 7, the solution is alkaUm ; 
if the pH is less than 7 , the solution is add. Most people, however, find it 
difficult to t.binV in terms of negative indices ; such people should always 
translate pH values into H+ ion concentration. Every rise of 1 in pH means 
lowering the concentration of H+ ions to one-tenth its previous value. Fig. 50 
shows that a rise of 0-3 in the pH value reduces the H+ ion concentration to 
half) a rise of 0-6 in pH reduces the H+ ion concentration to one-quarter ; a 
rise of 0-9 in pH reduces the H+ ion concentration to one-eighth. 

Noemal Blood Ebaction.— The normal pH of blood (measured electro- 
metricaUy) is 7 - 35 - 7-45 (mean 7-4) at 37° C., i.e. sightly on the affialme side 
of neutrality. The limits of pH compatible with survival are pH 7 on the 
acid side and pH 7-8 on the alkaline side. By addwmia (aotdosts) is me^t 
increased H+ ion concentration of blood beyond the normal limits. By 
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cdMcmia (alkdom) is meant a diminished H+ ion concentration below 

In this hwk the terms aoidaemia or alkalaemia (without qualification) are, 
as a rule only used when the change is demonstrable by fhysjml measurement ; 
otherwise the phrase “ tenderusy to acidaemia or alkatemia ” is used. 

Ketosis signifies tlie presence in excess of certain fatty acids : 
fl-hydroxy-butyric acid, CH3CH(OH)CH2COOH 
Acetoacetic acid, CH3COCH2COOH 

in ttie blood, irrespective of the blood reaction (cf. p. 869). 

The alkali reserve of the flasrm is the bicarbonate content of the plasma 
at the COg tension present in the arterial plasma (which is the same as in the 


pR 

cH expressed 
as g. of H+ ions 

per litre. 

7-0 

1 

10 milhon 

7-3 

1 

20 million 


1 

7-6 

40 miUioa 

7-9 

1 

80 million 

8-0 

1 

100 million 



Tig. 50.— Relationship of Concentration of Hydrogen Ions (cH or [H+]) to pK, 

(Graham and Morris, Acidosis and Alkalosis, 1933.) 

alveolar air ; normal COg tension=40 mm. Hg). The plasma is equilibrated 
at the appropriate CO2 pressure and then treated with acid and exposed to 
a vacuum in the Van Slyke apparatus (cf. p. 416). Suppose that 100 c.c. of 
plasma give off 63 c.c. of COg. The amount of COg that was present in solution 
is calculated from a knowledge of the COg pressure and solubility of OOg in 
plasma ; the normal value is 3 c.c. per 100 c.c. Therefore 63—3=60 c.c. of 
GOg were present in the plasma in the combined form, which for all practical 
purposes means as bicarbonate. Note that the plasma bicarbonate (per 
100 c.c.) is expressed not as a weight, but as the volume of COg which is 
evolved iErom it. 

Volumes of COg (per 100 c.c.) are converted into milliequivalents (m.Eq.) 
per L by dividing by 2-22. Thus the normal values for plasma are : 

Dissolved 002=3 c.c. per 100 c.c. 

=1*35 m.Eq. per L (as H.HCO3). 

Combined 002=60 c.c. per 100 c.c. 

=27 m.Eq. per L (as B.HCO3) 
(B=Base=almost entirely Na+) ^ 

1 In the text bicarbonate is written as BHCO3 or B.HCO3, carbonic acid as H 2 CO 3 or 
H.HOO3, as seems most appropriate. 
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REGULATION OF BLOOD REACTION 

Buffer substances are those which hinder changes in the reaction of a 
fluid. The word is derived from a German word meaning tampon, a buffer 
substance being regarded as ** mopping up ” 11+ or OH^ ions and thus prevent- 
ing them from accumulatmg. The mode of action of buffers will be made 
clear later (p. 92 ). 

The chief acid present as such in blood is the CO 2 which is present in 
solution giving rise to HgCOg which yields H+ ions : 

H 20 +C 02 %H.HC 03 %H++HC 03 '. 

In addition, plasma protein and haemoglobin exist to some extent in 
blood in the acid form, but their degree of ionization is negligible. 

The only alkali present as such in blood is the bicarbonate (BHCO3). 
Let us assume that the base is Na+, i.e, for B substitute Na+. The dissociation 
occurs thus : 

(i) NaHC03^]Sra++HC03'. 

The HCO3' then “ mops up ” H+ ions (derived from dissociation of water) to 
form the weakly dissociating acid, HgCOg : 

(ii) HCOg'+H+^HgCOg. 

Reaction (ii) causes further dissociation of water to yield an excess of OH' 
ions ; the total reaction can be summarized thus : 

(iii) Na++HC03'+H++0H';?^Na+-fH2C03+OH'. 

The essential point to remember is that the presence of bicarbonate increases 
the OH' concentration of the solution, i,e, increases its alkalinity. 

As the reaction of blood depends on the relative numbers of H+ and OH', 
and as the principal source of H+ is HgCOg and the principal source of OH' 
is bicarbonate (BHCO3), then the H+ ion concentration varies as the ratio 
of H2CO3 to BHCO3 (cf. p. 92 ). 

Regulation of Blood Reaction. — Many factors are normally operating 
to disturb the blood reaction from its normal range ; the compensatory 
mechanisms are however so efficient that in health detectable changes in 
blood reaction occur rarely. 

Adds are constantly being formed in the body as a result of metabolic 
activity : COg results from the oxidation of all foodstuffs ; H3PO4 and H2SO4 
from the oxidation of the P and S of ingested protein. Lactic acid is formed 
in the muscles during activity, but normally it is disposed of as rapidly as it 
appears. In very strenuous exercise, lactic acid is formed in greater amounts 
than the muscles can deal with, and consequently overflows into the blood. 
Under abnormal conditions ^-hydroxybutyric acid, acetoacetic acid, and 
possibly other acids not hitherto recognized may appear in the circulation. 

Basic radicals like Na, K, Ca, Mg are taken in large amounts in an ordinary 
diet, especially in vegetable food, and they must be disposed of to prevent 
excessive alkalinity of the blood. 

The methods available in the body for maintaining blood reaction are 
of two kinds : (i) the physico-chemical processes occurring in the blood ; 
(ii) the vital reactions of the breathing and the kidneys. 

1 . Physico-Chemical Reactions. — These depend on : (i) the buffering 
action of the plasma BHCO3 ; (ii) methods of transporting COg in forms 
other than HgCOg (i.e. non-acid forms). 
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(1) Relation of Plasma Bicarbonate to jjH.— As explained (p. 91), 
blood reaction depends on the ratio of H2CO3 to BHCO3 (cf. Fig. 58, A). For 
plasma, tie Henderson-Hasselbalch equation expresses this relationship 
quantitatively : 

pH=6-l +log 


. B.HCO3 
NormaUyg:g^= 


= J vols.%= m.Eq./L= 


= 20 . 


As log 20==1‘3 ; pH=6’l + 1‘3=7'4. 

The following deductions may be drawn from the equation : 

B HCO 

(i) As long as J remains constant, changes in the absolute values 

JjL.IjLL'U3 

do not alter pB., Thus, if both values are doubled, e.g, B.HCO3=120, 
H.HC03=6 vols.%, or, if both values are halved, e,g, B.HC03=30, H.HCO3 
=1*5 vols.%, the ratio remains 20 (log=l*3) and the pB remains 7-4:. 

(ii) Diluting the plasma does not alter its 

(iii) Any change in either B.HCO3 or H2CO3 alters : thus increase of 
B.HCO3 or decrease of H.HCO3 produces alkalaemia ; decrease of B.HCO3 
or increase of H.HCO3 produce acidsemia. 

(iv) Unequal changes in B.HCO3 or H.HCO3 alter j)H. 

(v) Changes in B.HCO3 and H.HCO3 in opposite directions markedly 
change pB. 

One example may be given : suppose that plasma B.HCO3 reduced 
to 27, and H.HCO3 remains unchanged at 3 vols.%. 


B.HCOq 27 


=9 ; log 9=0-95 


H.HCO3 3 

pH=6-l + 0 - 95 = 7 - 05 . 


(2) Buppering Action op Plasma Bicarbonate. — When any non- 
volatile acid like lactic, phosphoric, or sulphuric acid enters the blood stream 
it at once interacts with the bicarbonate present in the plasma as follows, e.g . : 

H++L'+Na.HC03^Na++L'+H.HCO . 

(Lactic (Sodium 

acid.) lactate.) 


In the case of lactic acid, sodium lactate and carbonic acid are formed. 
The advantage of this reaction to the body is clear. Lactic acid is a com- 
paratively strong acid, i.e. an acid which dissociates freely and gives rise 
to many ions, and thus makes any solution in which it is present con- 
siderably more acid ; it is also a non-volatile acid, t.e. one which is excreted 
slowly in the urine. By the interaction with sodium bicarbonate, lactic acid is 
converted into a neutral salt (sodium lactate) and H2CO3 is liberated. Now 
H2CO3 is a much weaker acid than lactic, giving rise to correspondingly fewer 
H+ ions ; furthermore, it is a volatile acid which is readily eliminated in the 
lungs. So^um bicarbonate has therefore acted as a buffer substance ; it has 
cause ions to be “ mopped up,” fewer are left in the solution, and the 
reaction of the blood has altered to a much slighter extent than otherwise 
would have been the case. That is why the term “ alkali reserve ” was 
introduced to describe the bicarbonate of the plasma (cf, p. 90). 
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It follows that as long as NaHCOg is present in the plasma, no acid 
stronger than carbonic can exist in the blood as such. The above type of 
buffering reaction takes place during very violent muscular exercise (p. 439 ), 
in severe diabetes mellitus (p. 924), and in starvation (p. 901). 

This reaction alone, without further support, may still permit of con- 
siderable pH changes because as a result BHCO3 is reduced and HgCOg is 
simultaneously increased. To take an extreme case : suppose half the BHCO3 
is used up liberating 30 vols. of COg (as H 2 CO 3 ), then 

B.HCO3 30 . X . 

pH= 6*1 + 0=6*1 (a fatal degree of acidsemia) (cf. Fig. 58, B). 

In the body the CO 2 evolved is immediately mopjped up in the blood by the 
reactions mentioned below (it is chiefly taken up by hamoglobin) and it is 
finally eliminated in the lungs (cf. Fig. 58, C, D). 

(3) Buffering Action of Blood Proteins (mainly Hjemoglobin).— - 
The acid which is formed in largest amounts in the body is HgCOg itself, 
derived (i) principally as an end-product of normal metabolism (200 c.c. of 
CO3 per minute at rest, up to 4 L in maximal exercise) ; (ii) from the buffering 
reaction described above. 

When more COg is formed, the COg tension in the blood rises, more CO 2 
is dissolved, more HgCOg is formed, and more H+ ions are liberated. If all 
the COg had to be carried from the tissues to the lungs in solution, the 
requisite COg tension would be great, and the rise of H+ ion concentration 
serious. Most of the COg is however removed from solution (and is then no 
longer present as HgCOg). The reactions concerned in this process are fully 
described on pp. 414 et seq,, but may be summarized thus : 

(i) COg combines with the amino groupings of haemoglobin to form 
carbamino-haemoglobin. 

(ii) COg combines with the base (K) of haemoglobin to form the alkaline 
substance KHCO3. 

Both these reactions are greatly facilitated by the simultaneous reduction 
of haemoglobin. 

Now haemoglobin=haem + globin. Haem is an iron-porphyrin ; depict it 
as For : Fe++. Globin can be depicted as • Using these 

symbols the removal of excess COg from solution occurs thus : 

r .NHa “1 ,.r .NH.COOH-I 

COa+Por: L \cOOH 

(Oxygenated potassium (Reduced hemoglobin combined vith (X)^ 

hsemoglobinate) in the carbamino form) 

Certain subsidiary reactions (secondary buffering, chloride shift (p. 419)) 
help to preserve the reaction of the plasma. 

By the conversion of COg into bicarbonate, an acid (HgCOg) is converted 
into and transported as an alkaline substance ; thus, when the concentration 
of HgCOa is increased, BHCO3 is simultaneously increased (though not to 
the same proportional extent), and so the BHCO 3 /H 2 CO 3 ratio which deter- 
mines pH is relatively little altered. Direct measurement shows that the 
pH of mixed venous blood at rest is only 0 * 01 - 0*02 lower than that of arterial 
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Fig. 51 shows that the phosphate mechanism is equally effective in 
excreting acid and base. 

Celhdar Origin of Urinary Phosphate, Buffering Action of Cell Base , — 
These questions can be conveniently discussed here, as they are closely 
related to the regulation of the blood reaction. Some of the urinary phosphate 
is derived from the food ; much of it, however, is derived from the body 
cells. In the case of the red cells, out of a total of 110 m.Eq./L of base, 
30 m.Eq. are combined with organic phosphoric esters and only 1 m.Eq. is 
combined with inorganic phosphate. The large phosphate ester anions cannot 
penetrate the cell and are locked inside ; the smaller inorganic phosphate ions 



Fig. 51. — ^Relationship of Ratio of BH2PO4 to B2HPO4 to 
of Plasma and Urine. 

Olear columns : BH 3 PO 4 . Stippled columns : BaHPO^. 

The ®H value at difiFerent ratios is indicated. Note values at normal pH 
ofplasma (7*4). KAfter Gamble, ExtraceUviar Eluidy Harvard University 
Press, 1949.) 


can move in and out of the cells. The normal preponderance of the large 
organic over the small inorganic phosphate anions depends on a balance 
being struck between the synthesis of esters (phosphorylation) and their 
breakdown (phosphorolysis) ; the normal balance is greatly in favour of the 
synthesis of esters. In conditions of addcemia, however, the equihbrium is 
disturbed and moves in favour of breakdown ; the inorganic phosphate thus 
increases in the cells, diffuses into the plasma and can be excreted by the 
kidneys. Total red cell phosphate may fall, e,g, from 30 to 15 m.Eq./L. 
The phosphate in the cells at pH 7*2 is combined with two equivalents of 
base- (potassium) ; when phosphate is excreted in a urim of maximum acidity 
it is excreted as i.e. it is combined with only one equivalent of base 

(B). Consequently, for each equivalent of phosphate excreted in the pine 
there is one of potassium left behind in the plasma. Tl^ K*!* is available 
to combine with those acids which have caused the acidsemia ; thus the 
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hydrolysis of organic cell phosphate, by causing K"*" to be released, helps to 
combat the condition. As all the body cells contain large amounts of phosphoric 
esters, it is reasonable to assume that similar contributions of base (K+) are 
made available in acidosis by all the tissues. It is important to bear in mind 
that potassium which is freed from the cells may be excreted by the kidneys 
in combination with the normal acids ; hence acidsemia may lead to a 
dangerous degree of potassium depletion of the tissues ; this depletion may 
need to be made good by treatment. 

In alkalsemia, the reverse of these reactions takes place : synthesis of cell 
esters is favoured, and total cell phosphate may rise, e.g, from 30 to 45 m.Eq./L. 
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Fig. 62. — ^Relationship of Carbonic Acid— Bicarbonate 
Ratio to pH of Urine and Plasma. 

HjCO, (clear columns) above horizontal line; BHCO 
(hatched) below horizontal line. 

Ordinate : Lefty milliequivalents per litre (m.Eq./L). Bight 
volumes of CO 2 per cent. To convert m.Eq./L into vols. 

Figure above H, CO, llne=pH values. Note that average 
normal plasma pH is 7-4. (After 
wmble, Extracdlular Muidy Harvard University Press, 

E^a base is thus withdrawn from the plasma into the cells relieving the 
alkaljenua mthout altemg the pH of the tissues. The kidneys need only 
excrete the base wHch is in excess of the amount used to combine with the 
mcreased phosphoric esters retained in the cells. 

(u) Bicarhona^ Mechanism , — The bicarbonate mechanism is really 
ettective (^y when compensating for states of alkalsemia (Fig. 52). At a 
urmary pH of 7-8, the maximal urinary BHCO3 concentration is attained 
correspon^g to over 90 m.Eq./L (=over 200 vols.% of CO3 as BHCO,) ; 
t.e. the BHCO3 IS concentrated m the urine to over three times its normal 

large amounts of alkali are thus excreted, 
excretion is negligible, i.e. it is in effect 
completely reabsorbed, no base therefore being eliminated. 
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(2) The Am^nium Mechanism. — The epithelium of the renal tubules 
manufactures NH 3 pom amino-acids ^ which are present in the glomerular 
filtrate ; the NHg is then passed 
into the lumen of the tubule to 


neutralize acid substances filtered 
out by the glomeruli, forming 
ammonium salts. A certain amount 
of fixed base is consequently freed 
and can be transferred from the 


ARTERIAL 




Fig. 63 . — ^Diagram illustrating 
Ammonium Mechanism in 
Kidney (David Slome). 

lumen of the tubule back into the 
blood. For example : lactic acid 
is neutralized in the blood by 
NaHCOg (which is destroyed) to 
form Na lactate ; in the tubules it 
reacts with NH 3 made by the kidney 
to form ammonium lactate ; the 
Na+ which is freed returns to the 
blood to re-form NaHCOg (Fig. 54). 

The ammonium mechanism thus 
spares the fixed base (and the alkali 
reserve) of the plasma. 

The NHg mechanism has at its disposal not only all the amino-acids 
derived from the protein of the food, but when necessary the amino-acids 

^ It is claimed that the kidney forms NH3 most readily from glutamine (the amide of 
glutamic acid) ; but as stated, the kidney can liberate NHj firom amino-acids in general. 

4 


The shaded area in each figure represents the maxi- 
mum and mlTihmim output ox urine during each 
hour of tile day in a period of 28 days on a con- 
stant water intake. Time, from 7 a.m. to 11 p.m. 

A. Upper Figure: at each arrow ingest 3 g. of 
ammonium chloride. 

B. Lower Figure: At each arrow ingest 2 g. of 
potassium citrate. 

There is an increase in urinary acidity (fall of from 
6*0 to 4*5) in upper figure, and a decrease in 
urinary acidity (rise of pH from 6*0 to 8*0) in 
lower figure. (Citrate is combusted in the body - 
to CO2 and the retained base (K) is converted 
into bicarbonate (KHCO3).) Diuresis occurs in 
both experiments. 
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of tissue protein also. In so far as NH^ of amino-acids is used by the renal 
tubules for neutralization purposes less is available for urea formation in the 
liver (p. 886 ) | an increase in tbe excretion of ammonium salts in the urine 
reduces the amoimt of urea excreted to a corresponding extent. 

In conditions of acidaemia the 
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Fig. 55. — ^Effect of Ingestion of Ammon- 
ium Chloride on Urinary Excretion 
of Urea, Chloride, and Ammonium 
salts. (After Gamble, Extracellular 
Fluid, Harvard University Press, 
1949.) 

226 m.Eq. of Cl' as NH 4 CI were Ingested dally. 

The ordinate indicates the increase in excretion 
of urea, Cr and 3 SrB[ 4 + in the urine above the 
control values. 

The increased urea excretion is due to the NHs 
of the NH4CI being converted into urea. 
The released Cl' is excreted partly combined 
with fixed base and partly with extra NH 4 + 
made in the renal Mmes. Kote the increased 
urinary excretion of NH4+. 


kidney makes more NHg to deal with 
the excess of acid radicals present ; in 
alkalsemia, as ample base is already 
available, the kidney makes less NHg or 
none at all. The urinary ‘‘ ammonia ” 
(it is always present as ammonium 
salt) is thus increased in acidsemia and 
decreased in alkalaemia. 

When the urine pH is less than 
6 * 0 , organic acids (e.g, acetoacetic 
acid, jS-hydroxybutyric acid) can be 
excreted as such, i.e. their elimination 
does then not involve simultaneous 
loss of base. 

Response of the Kidney to 
Acidaemia and Alkalaemia. — This 
is illustrated by the following experi- 
ments : 

(i) Ingest NH^Cl. — This salt is 
treated by the liver as though it were 
an amino-acid ; it is deaminized, i.e. 
NHg is split off and HCl liberated. 
The NHg is converted in the usual 
way into urea ; the HCl induces an 
acidmmia. The kidney responds by 
excreting a urine of maximal acidity 
(Fig. 54, A) with a progressively rising 
NH 4 + content (Fig. 55) 

(ii) Ingest Potassium Citrate* — The 
citrate radical is converted in the body 
to CO2, and the freed K+ combines 
with HCOg' to form KHCOg, producing 
an alkalaemia. The kidney responds by 
secreting a urine of maximal alkalinity 
(Fig. 54, B). 

(iii) Voluntary Overventilation. — 
Alkalaemia is induced because the COg 
tension in the alveolar air and con- 


sequently in the arterial blood is reduced, lowering the volume of COg 
in solution and therefore the amount of HgCOg and the number of 
H+ ions (i.e. the ratio HgCOg/BHCOg is disturbed to the alkaline side). 
Fig. 56 shows how the Hdney responds by excreting a highly alkaline 
urine ; the NH 4 + excretion is markedly cut down. Similar reactions 
occur when overventilation is produced by anoxia (p. 401), by raised 
body temperature (p. 478), in cardiac failure (p. 461), by lesions of the 
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central nervous system (in the hypothalamic region) (p. 717), or even by 
“ simple ” hysteria. 

(iv) Effect of Meals . — Fluctuations 
in the reaction of the urine take place 
in relation to meals. Following the 
first meal the urine commonly becomes 
less acid {alkaline tide), and a few hours 
later it becomes more acid {add tide). 

Some workers interpret the alkaline 
tide as a compensatory reaction to the 
alkalaemic tendency produced by the 
secretion (and loss from the blood) of 
the acid of the gastric juice ; similarly 
they ascribe the acid tide to the 
acidaemic tendency which results from 
the secretion of the alkaline pancreatic 
juice, succus entericus, and bile (cf. 
p. 397 and Fig. 242). The urinary re- 
action, however, also seems to depend 
to a considerable extent on the kind 
of food taken at the meal, i.e. whether 
it is predominantly acid- or base- 
producing food. 

Pathological Changes in Blood 
Reaction. — A deviation of the blood 
reaction to the acid side of the normal 
is called addcemia or acidosis; a de- 
viation to the alkaline side is called 
alkalcemia or alkalosis. Changes in 
blood reaction can also be classified as 
“ metabolic ” or “ respiratory.^’ 

(i) In metabolic” changes in the 
blood reaction, there is a primary 
change in the plasma bicarbonate. In 
metabolic ” acidsemia there is an 
initial decrease in plasma bicarbonate ; 

alkalaemia there is an 



Fig. 


in “ metabolic ’ 
initial increase in plasma bicarbonate 
(Fig. 57, A, B, C, D). 

(ii) In “ respiratory ” changes in 
blood reaction the change in H^OO^ is 
primary. In “ respiratory ” acidsemia 
there is an initial increase in H 2 CO 3 ; 
in “ respiratory ” alkalsemia there is an 
initial decrease in HgCOj (Fig. 57, E, 
F, G, H). 

In all forms of alkalsemia and aci- 
daemia compensation is “ attempted ” 
with varying degrees of success by 
appropriate changes in the blood buffers 


OVERVENTILATION 

66. — ^Effect of Prolonged Moderate 
Voluntary Hyperpnoea on Alveolar 
Air, Blood and Urine, showing com- 
pensatory reactions to Alkalsemia. 
(Grant and Goldman, Armr. J. 
Physiol., 1920.) 

Abscissa = Time in minutes. 

Ordinates &om above downwards : 

Plasma bicarbonate expressed as volumes of 
OO 2 per 100 c.c. 

Alveolar CO 2 tension in mm. Hg. 

pK of urine \a rise in means increased 

37 H of blood j alkalinity. 

Ammonium of urine in m.Eq./L. 

Forced respiration begins at 10 mins, and ends 
at 88 mins, (during period indicated by the 
arrows). At 31 mins., tingling in foot ; at 
34 mins., Trousseau’s sign present; at 35 
■mins both hands in spontaneous spasm ; at 
86 mins., slight spasm of feet (see pp. 408, 
1005); at 42 mins., temporary dizziness and 
trembling of hands on standing up after 
period of forced respiration is over. 

Kote that pH of blood rises in spite of com- 
pensatory reactions of kidney. 
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(especially lisemoglobin), the breathing, and the activity of the kidneys. The 
completeness of the compensation depends on the extent to which any or all 
of these mechanisms can be brought into play. 



Fig. 57. — ^Relation of Carbonic Acid-Bicarbonate Ratio to pB. of Plasma in Metabolic 
and Respiratory Acidosis and Alkalosis, compensated and nncompensated. (After 
Gamble, Extracellular Fluids Harvard University Press, 1949.) 

^ote that in this !Fig., H2CO3 and BHCO3 are expressed as m.Eq./L ; in Fig. 58 they are expressed as 
volumes of CO2 per 100 c.c. 

I, In “ metabolic ” changes of blood reaction the change in BBCO3 is primary. 

A. Uncompensated ** metabolic acidsemia resulting, e.g. from ingestion of !N'H401, ketosis of diabetes 

melUtus or starvation, retention of acids in nephritis. 

B. The metabolic ” acidsemia has been compensated for ; there is a fall in alveolar and arterial CO2 

tension and in H2CO3 concentration (cf. Fig. 58 , B, C and D). 

C. Uncompensated “ metabolic ' *alkalsemia resulting, e.g. from ingestion of NaHCOa or potassium citrate, 

or vomiting. 

D. The “ metabolic ” alkalsemla has been compensated for ; there is a rise in alveolar and arterial OO2 

tension and H2CO3 concentration. 

II. In ** respiratory ” changes of blood reaction the change vn H2OO3 is primary. 

E. Uncompensated "respiratory” acidsemia resulting, e.g. from breathing air rich in CO2, increased 

formation of CO2 as in exercise CHjfailure to diminate OO2 because of disorders of breathing or of 
the circulation. 

F. The ** r^piratory ” acidsemia has been compensated for ; there is an increase in plasma BHCO3. 

G. Uncompensated " respiratory ” alkahemia resulting from overventilation at rest. 

H. The " r^piratory ” alkalsemia is compensated for ; there is a decrease in plasma BHCO3. 

The legend to Fig. 57 should be carefully studied. The subject is 
considered further below. 

Alkalsemia. — In the following conditions there is a tendency to 
aikalaBmia (Fig. 57, 6, H ; C, D). 
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(1) Excessive breathing at rest, i.e. breathing in excess of the amount 
necessary to eliminate the CO 2 formed by metabolism [respiratory alkalcemia 
or alkalosis) ; see Figs. 56, 57, G, and p. 406. 

( 2 ) Increase in the bicarbonate content of the blood disturbing the ratio 
BHCO 3 /H 2 CO 3 to the alkaline side (Fig. 57, C) (metobolic alkalcemia (or 
alkalosis)). This type of alkalaemia occurs in the following conditions : 

(i) Ingestion of bicarbonate or other alkali-producing salts, e,g, potassium 
citrate (p. 98). 

(ii) A group of conditions associated with vomiting ^ : (a) pyloric obstruction 
(p. 105) ; [b) high intestinal obstruction (p. 108) ; (c) in some cases of infantile 
diarrhoea and vomiting. As explained on p. 105 there is usually a greater loss 
of Cl' than of Na+ in the vomit ; as a result plasma Na+ previously bound 
with Cr is freed and combines with HCO3' to form NaHCOg ; alkalsemia 
therefore results. 

It should be noted, however, that an increase in plasma BHCO3 may 
occur in states of acidwmia which result from COg retention. Thus in exercise, 
or when a COg-rich mixture is breathed, the CO2 tension in the blood rises ; 
secondly, by reactions with haemoglobin, BHCO3 also rises. The rise of 
H2CO3, which is primary, is relatively greater than the rise of BHCO3, which 
is secondary ; the ratio BHCO3/H2CO3 is disturbed to the add side. The 
condition is one of respiratory acidcemia (or acidosis) and as pointed out is 
associated with an increase of BHCO3 (Fig. 57 , E). 

Symptoms op Alkal^smia.^ — T hese are well seen clinically when excessive 
doses of alkali are given in the treatment of peptic ulcer. There is loss of 
appetite, headache, irritability and other changes in the mental state, nausea 
and vomiting ; there may be aching pains and twitching in the muscles, 
flushing or perspiration and weakness which may pass into a state of pro- 
stration. Later tetany develops (cf. p. 1007) ; the breathing is slow, the pulse 
is rapid, and fits may occur. The urine volume varies (it may be markedly 
reduced) ; it is usually alkaline in reaction and renal damage may be indicated 
by the presence of albumin, granular, and hyaline casts, and red and white 
blood cells. ^ [Sometimes, however, the urine may be add, conserving base to 
maintain the crystalloid osmotic pressure while “ sacrificing ” the “ needs ” 
of blood reaction (p. 107).] The plasma bicarbonate is elevated, e,g, up to 
90 c.c.%. The renal insufficiency which is present leads to an increase in 
the concentration of urea and other non-protein nitrogenous constituents of 
the plasma. Death may result in coma, apparently mainly as a result of uraemia. 
Post-mortem, the renal tubules may show marked degenerative changes. 

Treatment consists in discontinuing the administration of alkali and giving 
NaCl and possibly also acidifying salts like NH 4 CI (p. 98) and NaH 2 P 04 . 

Acidaemia. — Acidsemia may be present owing to a diminution of the 
bicarbonate content or to an increase in the HgCOg content of the blood 
(Fig. 57, A, B; E, F). 

( 1 ) Primary Reduction of BHGO^. — In the following conditions the 
bicarbonate content of the blood is lowered, as it is used to buffer acids which 
have accumulated in the body (metabolic acidcemia (addosis)) (Fig. 57, A). 
The usual responses to acidaemia develop : increased pulmonary ventilation, 

1 Bumett et al., J, din, Investig,, 1950, 29, 169, 175. 

* Cope, Clin, 8ci,, 1936, 2, 287. 

® Berger and Binger, J, 104, 1383. 

\ ltAMklU*VN \ V.lfVswN f.’BKAI! 
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lowered alveolar 00^ tension, acid urine, and increased anunonium content 

(i) Tte ingestion of wood spirit, *.c. methyl alcohol, which gives rise to 

formic acid in the body. . . • j • . i. r. j ' -vttt 

(ii) ATYim n-ni nm chloride after absorption, is de-aminized in the body ; NH3 

is split off and HCl is left, which enters the blood (p. 98 ). 

(iii) Diahetes Mellitus, — There is an abnormal accumulation of ^-hydroxy- 
butyric and acetoacetic acids ; they are neutralized by the plasma BHCO3 ; 



Fio. 58. — ^Relationship of Carbonic Acid-Bicarbonate Ratio in Plasma to pH of Plasma 
in ITnconmensated and Compensated Acidsemia due to reduction of BHCO 3 . (After 
Gamble, Extracellular Fluid, Harvard University Press, 1949.) 

H,CO, (stippled column) above horizontal line; BHCO, (hatched column) below horizontal line, in 
volumes of CO. dot cent. 

A. Normal HaCO./BRCO, ; pH 7-4. 

B, C, I>. BeducUon of plasma BHCOa to half normal value by addition of acid. 

B. An the CO, which is released by the decomposition of BHCO, is retained in the plasma as HaCO, 

resulting pH is 6*0. 

C. All the CO, released by the decomposition of BHCO* is “ blown oflf ” by increased pulmonary ventila- 

tion so that B^OOa remains normal (but BHCO, is halved) ; resulting pH is 7*1. 

D. All the rdeased 00, is blown oflf and in addition, by a further increase in the pulmonary ventilation 

the HaCO* is progressively reduced below its normal value ; pH progressively returns to normal. 

the ratio BHCO3/H2CO3 is disturbed to the acid side because BHCO3 is 
reduced and HgCOg is increased. Fig. 58 illustrates the sequence of events 
when half the BHCO3 is used to neutralize the acids. In the absence of the 
vital reactions the pH would alter from 7*4 to 6‘0. Breathing is, however, 
stimulated ; it first eliminates all the excess CO 2 formed by the buffering 
reaction in the blood ; it then turns out still more CO 2, thus reducing the 
alveolar CO 2 tension, and therefore the arterial CO 2 tension to below normal 
the ratio of BHCO3/H2CO3 is restored approximately to normal. The kidney 
then comes into action ; a highly acid urine is passed ; large amounts of 
NH3 are formed to neutralize the acids ,* fixed base (i.e. Na+) is reabsorbed 
helping to restore and preserve the plasma BHCO3 (see also p. 924 ). 




BODY FLUIDS IN INTESTINAL OBSTRUCTION 103 


(iv) Similar changes on a smaller scale occur in starvation (p. 901). 

(v) In nephritis (p. 76) and uraemia (pp. 77 , 456). 

(vi) In cases of infantile diarrhoea and vomiting in which the loss of base 
(cations) in the faeces exceeds that of acid radicals (anions). 

(2) Primary excess of CO 2 (in the form of H^CO^) in the blood (respircUory 
addcemia or acidosis) occurs (Pig. 57, E, P) — 

(i) In experimental breathing of COg-rich mixtures (p. 394). 

(ii) In Muscular Exercise. — The acidaemia of muscular exercise is discussed 
on pp. 436 et seq. In moderate exercise it is due solely to excess 00 g formed 
by the active tissues. In severe exercise lactic acid enters the blood stream, 
decreasing the plasma bicarbonate and so producing a ‘‘ metabolic ” acidaemia 
as well. 

(iii) During sleep the alveolar COg rises because of inadequate pulmonary 
ventilation (p. 405) ; the urine is highly acid. 

(iv) In poisoning with morphine and other narcotics and anaesthetics, 
owing to depression of the respiratory centre. The pulmonary ventilation 
becomes inadequate and so COg is not eliminated in sufficient amounts. 

(v) In heart failure when the pulmonary epithelium may he damaged 
so that COg cannot diffuse out readily (p. 461). 

(vi) In emphysema, where the COg tension in the alveolar air is raised. 
This condition is partially but not fully compensated for by an increased 
bicarbonate content of the blood (cf. p. 459). 

(vii) In obstruction to the main respiratory passages (p. 458). 

In the whole of this group there is, as explained (p. 99), a secondary 
increase of BHCO3 ; the acidsemia persists as long as the BHCO3 does not 
increase to the same extent as the H 2 CO 3 . 

Laboratory Investigation of Acid.®mia and Alkal^smia. — ^In these 
conditions the determination of the plasma bicarbonate is often useful (pp. 90, 
92). If it is decreased there is either ‘‘ metabolic acidsemia or ‘‘ respiratory ” 
alkalsemia ; if it is increased there is either ‘‘ metabolic alkalsemia or 
“ respiratory ” acidsemia. Usually the right conclusion can be drawn from 
a consideration of all the clinical data. If doubt persists then the pH of the 
blood must be directly determined. 


EFFECTS ON BODY FLUIDS OF OBSTKUCTION OF 
THE ALIMENTAEY CANAL ^ 

General Considerations. — To survive, the body needs oxygen, wa^r, 
electrolytes, and food in appropriate amounts. In intestinal obstruction 
there is loss of water and electrolytes in varying proportions, thus <&tobmg 
both the volume and composition of the body fluids ; the fluid which is lost 
from the body may be neutral, acid, or alkaline in reaction so leading to 
alkalsemia or acidsemia. The failure to retain food is of little importance 
from the short-term point of view but becomes mcreasingly significant as 
the period of obstruction is prolonged. If the obstruction is accompanied 
by changes in the state of the intestinal blood vessels there may be loss of 

1 Gamble, Extracdlular Fluid, Harvard University Press, 1949. Cooper, 

1928, 17, 918. M‘Iver, Intestinal Obstruction, N.Y., 1934. Holt, Lancet, 1939, 11 , 61. 
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plfl.a mfl. or even of wliole blood from these vessels into the lumen of the gut 
mcreasing the difficulties of plasma volume regulation. The clinical condition 
is aggravated by pain, vomiting, and the development of infection. 

The results of simple salt deprivation and of water deprivation (which 
produces water and salt loss) are described on pp. 64, 66. As mentioned on 


Secretion. 

Volume c.c. 

Total NaCl g. 

Saliva 

1500 

7 

Gastric Juice 

2000-3000 

16-30 

Bile 

600-1000 

7 

Pancreatic Juice . 

500-800 

8 

Succus Entericus . 

? 3000 

? 18 


p. 6, an immense water and electrolyte turnover takes place in the alimentary 
canal. The Table above indicates the daily average volumes of the digestive 
juices which enter the bowel from the blood and which are normally practically 
completely reabsorbed into the blood. 

Fig. 59 sets out the electrolyte composition of the main gastro-intestinal 
secretions and compares it with that of plasma. 



BLOOD GASTRIC GASTRIC PANC. LIVER SUCCUS 
PLASMA JUICE MUCUS JUICE BILE ENTER. 


J?io. 59. — Electrolyte Composition of Plasma, Gastric Juice, Gastric Mucus, Pancreatic 
Juice, Liver Bile and Succus Entericus. (After Gamble, Eztracellula/r Fluid, Harvard 
University Press, 1949.) 

Complete loss of the gastro-intestinal secretions for 24 hours would deprive 
the body of about 8 L of water or nearly one-fifth of the total body water, 
a loss sufficient in itself to produce a grave clinical condition. This water 
loss would be accompanied by the loss of the electrolytes in the juices, the 
net result being the loss of an approximately isosmotic solution of varying 
acid-base balance. The total salt loss in a day might be 50 g. compared 
with a total salt content in all the body fluids of the order of 100 g. (and a 
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daily salt intake of say 10 g.). It should be carefully borne in mind that 
over and above the obvious loss by vomiting, unavoidable fluid losses are 
taking place : in the lungs (400 c.c.), by insensible perspiration (600 c.c,), and 
in the urine (the minimum volume necessary to eliminate the waste products 
from the body is about 500 c.c.), or a total of at least 1500 c.c. If sweating 
is taking place the water loss is even greater. If none of the water drunk is 
retained then the water lost is the volume vomited jilus the loss by the other 
routes just indicated (minus the water resulting from oxidation of the food- 
stuffs). The loss of body fluid in intestinal obstruction is not a question of 
simple dehydration, Le. simple loss of water ; it is a loss of water accompanied 
by loss of electrolytes. 

Results of Loss of Gastric Secretion. — The main gastric glands 
(p. 775) secrete a fluid which, apart from its enzyme content, is practically 
a 0*1 N. solution of HCl; gastric mucus and the secretion of the pyloric 
region is alkaline, the contained electrolytes being Na+, Cl', and HCO3'. 
The volume of fluid secreted by the main gastric glands normally far exceeds 
that formed in the pyloric glands. Loss of gastric secretion (by vomiting 
or aspiration) leads to loss of water and of Cl', a relatively smaller loss of Na+ 
and a variable loss of H+ (acid). In complete pyloric obstruction none of the 
water drunk can be retained. It must be remembered too that the unavoid- 
able water loss is going on all the time. 

(1) Expebimental Pylobic Obstbuction. — In a rabbit with pyloric 
obstruction the loss of water and electrolytes in 36 hours was as follows : 

Water lost, 203 c.c. [initial plasma volume, 83 c.c.]. 

Changes in Na+ and Cl' (in m.Eq.) were : 

Na+ lost, 27 m.Eq. [initial total plasma Na+ : 14 m.Eq.]. 

Cr lost, 30*9 m.Eq. [initial total plasma Cl' : 8*5 m.Eq.]. 

As the loss of water, Na+ and Cl', greatly exceeded that present initially in 
the whole plasma it is clear that the interstitial fluid must have been drawn 
upon to a considerable extent. As the Cl' lost is greater than the loss of 
Na+, some of the extracellular Na+ is freed to combine with free CO 2 (as 
HCO3') to form NaHC03, thus producing an alkalcemia, 

(2) Clinical Pylobic Obstbuction. — In clinical pyloric stenosis the 
same fundamental changes occur. If the composition of the total fluid lost 
(by all routes) were isosmotic, then the crystalloid o.p. of the extracellular 
Wd would remain unchanged (though its volume is diminished). Under 
these circumstances there would be no withdrawal of intracellular fluid. In 
practice the net result clinically is a relatively greater loss of dectrolytes than 
of water. The extracellular fluid thus becomes hypotonic as well as reduced 
in volume ; the plasma shows a marked fall of CT, a less marked fall of Na+, 
and an increase of HCO3' (as NaHC03) (Fig. 60). Because the crystalloid 
osmotic pressure of the extracellular fluid is reduced, fluid flows into the 
cells, thus further decreasing the extracellular fluid volume. The volume of 
the plasma is, however, partly protected by the rise of plasma protein osmotic 
pressure which helps to retain fluid in the blood (note the increase in R in 
Fig. 60) which is due mainly to increased protein concentration. As the 
plasma volume decreases, the red cell count and the haemoglobin concentration 
correspondingly rise. The kidney responds as expected by a reduction in 

4 * 
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the volume of urine to the minimal value, by the maximal de^ee of re- 
absorption of electrolytes and by the secretion of an alkaline urine. Ulti- 
mately the kidney fails because of impaired blood supply and the harmful 
effects of the electrolyte imbalance (chiefly lack of Na*^ ions) (cf. p. 64), 

(3) Gasteic Aspiration Plus Water Replacement. — Fig. 61 illustrates 
an experiment performed in man. Continuous aspiration of the gastric juice 
was carried out for several days, water and energy requirements being made 
good by drinking water and a glucose solution. The loss is thus of electrolytes 
only : of Cl', relatively less Na+, and of H+ (acid), i,e, there was a depletion 



Fig. 60. — ^Electroly^ Composition of Normal Plasma and the Plasma in Pyloric 
Obstruction, Duodenal Obstruction, and Addison’s Disease. (After 
Gamble, Extracellular Fhiid, Harvard University Press, 1949.) 

OJL.=organic acids ; total base ; Ket. ac.=Bleto-acids. 

R=combined concentration of organic acid, phosphate, sulphate, and protein. 

Note Increase of R in all three pathological conditions. In " Duodenaf Obstruction " the keto-acids have 
been depicted separately ; to get the comparable value of R the keto-acid concentration should be 
added to the R shown. 

of only salt and acid. The extracellular fluid became hjrpotonic (though 
unchanged in volume) and water doubtless flowed into the cells, increasing 
their volume. The plasma showed the expected decrease in Cl' and an increase 
in BHCOg (the plasma bicarbonate rose from 65 to 140 c.c. of CO 2 per 
100 c.c.) ; there was no haemoconcentration, showing that the water intake 
was adequate. The kidney showed the characteristic failure which results 
from Na+ and Cl' depletion : the volume of urine was reduced to only 500 c.c. 
daily in spite of a plentiful water intake ; although the urine was alkaline 
(as would be expected in alkalaemia) the plasma bicarbonate continued to 
rise. Nitrogenous excretion was inadequate (e.g, the total urea output was 
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decreased) leading to nitrogenous retention (azotaemia) : the blood urea rose 
from 30 mg. to 130 mg. per 100 c.c. ^ 

On administration of saline the plasma gastric aspir. 

or rose to normal, replacing HCO3' ; ^ + fluids and 

the plasma bicarbonate fell and plasma S 
Na+ doubtless rose. Eenal activity ^ 

was restored and the retained nitro- / 

genous constituents were soon elimin- \ / . 

ated, blood urea returning to normal. 300 - \ - 

Similarly, if a salt-free solution {e,g, ^ N. 

a glucose solution) is injected in 240 - 

clinical cases of pyloric obstruction in ^ ^ 

sufficient volume to make good the I80 — J — > — * — * — * — * — * — * — • — 

water loss, the plasma volume can . 

be fully restored and the anhydrsemia Jj 320- 
relieved, but the alkalaemia and (to a ^ ^ \ 

smaller extent) the renal failure are ^ 'J; qq _ - 

unaffected. ^ 

Acii Urine in Alkalcemia from ^ 43 4Q . 

Salt Loss due to Vomiting . — In some ^ . 

patients an acid urine is passed in ^ , , , . ■ 1 i ■ 1 

spite of the alkalaemia. The explana- \ an ~ 

' tion may be that plasma crystalloid 
osmotic pressure is being sustained at 5 

the “ exj^nse ’’ of blood reaction regu- g ^ ““ “ 

lation. The excretion of an alkaline § 

urine involves the loss of base as ^ " hematocrit ( 1 vqI % - 

bicarbonate (BHCO3) (Fig. 52) ; in ^ '****** 

addition extra base is lost because ^^’1000-* ^ 

the urinary phosphate is excreted 1 ^ 

mainly in the form of B2HPO4 instead 0 — * — * — * — * — • — * — * — • — * — 

of BH2PO4. The loss of this extra ki ^ 2 - ^ 


base lowers the BHCO3 content of the ^ ^ 

plasma, but its crystalloid osmotic ^ ^ q 1 i — 1 — 1 — 1 — 1 — 1 — 1 — 1— . - 

pressure also falls ; secretion of an uRlNE ** alkaline^ — — q acid 

alkaline urine in states of salt lack ^ t 3 5 7 9 

thus preserves blood reaction at the days 

“ expense ” of crystalloid osmotic 

pressure. On the other hand, if an Eig. 61.— Changes in Blood and Ume 

acH urine is excreted, there is no loss 

of base in the form of BHOU3 or ot 1940, 9, 98.) 

B2HPO4 ; the sulphate and even the in clinically normal state (apart from slight 

phosphate may_ be excreted in the 

urine as ammomum salts. As a result salt intake restricted ; fluid and ^ncose given 
the plasma BHCO3 is maintained pre- 

serving (as stated above)^ crystalline Sl^ee^:"-co25o!wof^p!£7 
osmotic pressure at the expense restored to normal, 

of blood reaction. . ^ i 

K NaCl is given to such cases, a highly alkalme urme containing large 
amounts of BHCOj and B^HPO* is passed and the blood reaction rapidly 
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Eig. 61. — Changes in Blood and Urine 
following Experimental Aspiration of 
Gastric Contents. (Nicol, Quart. J. 
Med., 1940, 9, 98.) 

Adult in clinically normal state (apart from slight 
oivaiaTTiia due to alkali therapy). Aspirate 
li-2 litres of gastric contents daily for 5 days ; 
salt intake restricted ; fluid and glucose given 
freely. Note fall in plasma Cl', rise in 
blood urea and plasma bicarbonate and 
decreased urine volume. On 6th day give 
saline injections : blood composition rapidly 
restored to normal. 
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retuiiLS to normal. The explanation is as follows : in salt loss due to vomiting 
the fall of plasma Cl' may be greater than that of Na+ ; the plasma Na+ 
is thus restored to normal before the Cl'. As soon as there is a slight excess 
of Na+ it is excreted as NaHCOg, thus restoring the blood reaction. 

Alkalcemia from Vomiting in Cases of Gastric Achlorhydria.— of 
carcinoma of the stomach in which no gastric HOI is being secreted may 
develop alkalsemia if severe vomiting takes place. As Na+ and Cl' are being 
lost in equivalent amounts the question arises where the Na+ comes from 
with which the extra plasma HCO3' is combined. There is no certain answer, 
but possibly in such oases disturbed renal function may lead to more efficient 
reabsorption of Na+ than of Cl' ; the surplus Na+ unites with HCO3' to form 
bicarbonate, so producing an alkalsemia. 

Simple High Small-Intestine Obstruction.— With simple obstruction 
high up in the small intestine, absorption of saliva, gastric juice, bile, and 
pancreatic juice (and ingested food and water) is interfered with ; these 
fluids accumulate above the block and distend the bowel, setting up powerful, 
colicky peristaltic movements and profuse vomiting. As is evident from the 
data in the Table on p. 104, in a very short time an enormous loss of water 
may occur which is probably the main factor responsible for death. It should 
be borne in mind that the usual additional fluid is being lost from the body 
in the urine, from the skin (insensible perspiration 600 c.c. and sweat (p. 467)), 
in the breath (400 0 . 0 .), and in the faeces (if any are passed). 

The fluid lost is approximately isosmotic and neutral ; as water is being 
lost at the same time by the uncontrollable routes there may be relatively 
more loss of water than of salt ; on the other hand, if some ingested water 
is being retained the loss of salt may be the greater. Examination of the 
blood (Fig. 60) suggests that salt loss exceeds that of water, the changes, observed 
being essentially the same as in pyloric obstruction, i,e. (i) fall of plasma 
Cr ^yjpochhrcBmia) ; (ii) alkalcemia from increased plasma bicarbonate due 
to cr loss exceeding that of Na+, the plasma Na+ being thus freed to combine 
with free CO 2 (HCO3') to form bicarbonate ; (iii) nitrogenous retention 
(azotcemia) secondary to renal failure. The urinary Cl' disappears owing to 
complete absorption of Cl' in the tubules ; the urinary reaction is usually 
alkaline but may be acid (p. 107). 

The intestinal distension referred to above aggravates the condition in 
various ways : (i) intestinal secretion is stimulated ; (ii) vomiting is worsened ; 
(iii) there is interference with the circulation in the gut wall leading to venous 
and capillary engorgement. The rise of capillary pressure and the altered 
permeability of the capillary endothelium leads to the escape of large quanti- 
ties of protein-rich fluid into the gut wall. When half the length of the 
small intestine is involved a volume of fluid equal to half the plasma volume 
may be lost in this way. All the factors enumerated above intensify the 
anhydraemia. Signs of dehydration make their appearance when the net 
fluid loss is equal to 6% of the body weight, i,e. to about 4000 c.c. ; from the 
calculations given on p. 104, it is obvious that such a loss can occur with 
startling rapidity,^ 

The swollen, overstretched intestinal wall loses tone and contractility, 
and finally complete paralysis develops above the level of the obstruction ; 
haemorrhages may occur in the gut wall, patches of necrosis develop, and 
1 Aird, Brit. J. Surg., 1938-39, 26, 418. 
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finally perforation may take place. At any stage infection may complicate 
the issue. In advanced cases respiration is depressed owing to the alkalaemia 
and periods of apnoea may occur ; there may be signs of tetany. The 
plasma volume is as usual initially well maintained because the fluid loss is 
in large measure borne by the interstitial spaces ; but as the anhydrsemia 
becomes worse the plasma volume is substantially decreased, and circulatory 
failure occurs, producing anoxia and cyanosis and aggravating the renal 
failure. 

Low Small-Intestine Obstruction. — Symptoms develop more gradually 
and are less severe as absorption of water and solutes can take place more 
satisfactorily above the level of the block. On the other hand, as intestinal 
distension becomes more marked, local circulatory disturbances develop ; 
loss of fluid into the gut waU itself then becomes a serious factor, intensifying 
the anhydrsemia. 

Principles of Treatment of Water and Electrolyte Lack.— The 
essential principle is to deterrmne accurately the nature of the disturbance 
and to take the necessary measures promptly to correct it. In clinical condi- 
tions in which varying degrees of depletion of water, Na+ and Cl' and pH 
changes have produced a complex alteration of the electrolyte pattern and 
the fluid volume and distribution, it is found that as soon as enough water 
and salt (sodium chloride) have been provided to restore renal activity the kidneys 
can he relied upon to restore the electrolyte pattern of the body fluids accurately 
to normal by their own specialized activities, 

(1) Simple Water Loss. — ^When practicable give plenty of water to 
drink; in addition inject 6% glucose solution intravenously to produce 
rapid effects : the sugar is metabolized (yielding energy) leaving the water 
of the solution to make good the water deficiency. Salt (or weak saline) 
should also be given to make good the associated salt lack (p. 67). 

(2) Water and Salt Loss.— Saline (0-9%) is given by aU convenient 
routes until CV appears in the urine, indicating that the Cl' content 
of the extracellular fluids is restored to normal. Water or a glucose 
solution can then be given to make good any remaining shortage of body 
water. 

(3) Simple Intestinal Obstruction, — It is clear from what was stated 
on p. 106 that administration of water or glucose solution is useless ; a 
bicarbonate solution aggravates the pre-existing alkalsemia. Saline (0*9%) 
must be given on the lines indicated in (2). Tetany can be relieved by acidify- 
mg procedures, e,g, inhalation of 5% COg or injection of soluble calcium salts 
(e.g. 5% CaCla). Great relief is obtained clinically by continuous aspiration 
of the gastric and duodenal contents to relieve the vomiting pd the intestinal 
distension. It should be remembered however that continuoip aspiration 
on these lines, e,g, for 6 days, may withdraw over 90 g. of sodium chloride 
from the body and a very large volume of fluid. The water and salt loss so 
produced is just as real as when it results from vomiting, though less spectacular 

and less distressing. , ^ v . i. i 

A salt-lactate solution (containing NaCl and Na lactate) is of value m 
states of low plasma bicarbonate ; the addition of KOI may 
lactate ion is oxidized freemg the Na+ to combine with CO 2 to re-form NaHCOs 

1 Butler’s solution contains the foUowiM constituents in m.Eq./L : Na+, 30 ,• K+, 15 ; 
Cr, 22 ; Lactate', 20 ; also HPO/, 3 mg/L ; all in 6% glucose (cf. p. 971). 



110 


(EDEMA 


(as occurs during tlic recovery pliase after severe muscular exercise 

(P-4:40). , . . ^ 1 

Isotonic (1-5%) sodium bicarbonate solution is of value as an emergency 
measure in dangerous degrees of acidosis due to NaHC 03 depletion until salt 

or salt-lactate solutions can be given. . t r --li. t i 

Obstruction initially associated with Interference with Local 
Blood Supply (Strangulation).— Usually tbe veins are obstructed. 
Capillary engorgement becomes intense ; the peritoneum is filled with an 
exudate resembling plasma j the gut lumen is filled with a thick red exudate. 
Organisms proliferate rapidly in the contents of the bowel and in^ its wall 
liberating toxins which are probably the cause of death. The clinical con- 
dition is aggravated by serious loss of plasma or of blood into the bowel 
and the presence of infection. After a time the fluid in the bowel becomes 
darker and finally black and exceedingly toxic : if injected intraperitoneally 
into another animal it proves rapidly fatal. 

If the terminal part of the ileum is anastomosed to the rectum and the 
intervening isolated portion of the colon is closed, no evidence of intoxication 
appears. The lower end of the closed colon is later found filled with a sausage- 
like mass having the appearance and consistency of normal faeces. No toxins 
are produced and no symptoms develop. 

(EDEMA 

CEdeiha. — B^y oedema is meant an abnormal accumulation of fluid, in the 
intercellular spaces; it occurs physiologically in muscles during, and for 
some hours after, activity. Ebr clinically demonstrable oedema to occur in 
the ftlnri and subcutaneous tissues the volume of extracellular fluid must 
increase locally by about 10%. 

Eole of Abnormal Capillary Permeability.^ — Increased capillary per- 
meability to water and dissolved crystalloids speeds up interchanges between 
the plasma and the tissue spaces but does not alter final distribution set up. 
If, however, the capillaries become excessively permeable to protein, plasma 
protein in varying amounts escapes from the plasma into the tissue spaces and 
the normal balance of forces is disturbed. As the protein concentration in the 
plasma falls the holding power of the blood for fluid is decreased and so more 
tends to escape ; at Jhe.same. time the protein content and osmotic pressure 
of the i&^e-spaces, rise leading to,greater suction of fluid into the tissue spaces 
and Its retention there in excessive amounts, causing oedema. The oedema or 
wheal due to skin injury and injected histamine is produced in this way 
(p. 324). In all fonns of oedema the accumulation of fluid in the tissue spaces 
leads to a rise of Jissue fluid pressure which tends to check further escape of 
fluid from the blood vessels. 

In susceptible subjects, light stroking of the skin may give rise to the flare 
and wheal (urticaria factitia, Fig. 196) ; the injection of histamine into the skin 
in these cases produces a local response of normal character, indicating that 
there is no state of unusual reactivity of the local vessels. It would appear that 
the precursor of histamiue, which is present in the skin cells, is excessively 
unstable in this disorder, so that very trivial injuries are sufficient to cause the 
liberation of histamine in sufficient concentration to give the full “ triple 
1 Normal capillary permeability is discussed on p. 6 ; see also pp. 17-21. 
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response.’’ Various poisons taken in the food, or elaborated in the body, may 
also ^ve rise to urticaria, possibly by liberating histamine in the sihi (cf. 
p. 337). 

The pathological varieties of cndema will now be discussed. 

Causes of (Edema. — 1. Venous Obstruction, — Several factors are 
probably involved : (i) Venous obstruction raises venous and capillary 
pressure and thus increases filtration of fluid out into the tissues, (ii) In 
cases in which the venous obstruction is associated with inflammation of 
the vein wall (phlebitis) or of the surrounding tissue, reflex arterial spasm 
may occur leadmg, when the lower limb is involved, to a “ white leg ” : the 
skin is pale and cold and the pulse in the distal arteries is diminished or 
absent, (iii) As a result of the changes in the arteries and veins the blood- 
flow to the affected part is slowed down, leading to local accumulation of 
vasodilator metabolites which may increase capillary permeability and so 
permit the escape of a fluid excessively rich in protein. Some of the metab- 
olites may be osmotically active and thus further increase tissue-fluid 
formation and retention. The extent to which these various factors operate 
determines the degree of oedema produced. 

2. Cardiac CEdema.^ — ^In congestive heart failure oedema may be a 
very prominent symptom. The mechanisms concerned are vascular and 
renal. 

(1) The venous pressure in the median basilic vein in severe cases of 
congestive failure is raised from the normal level of 10-15 cm. HgO to 
30-35 cm. H 2 O. The capillary pressure must be correspondingly higher, 
and fluid therefore tends to filter out into the tissue spaces. The depressed 
cardiac output fails to maintain an adequate blood supply to the organs ; 
cellular metabolism is disturbed and metabolites instead of being rapidly 
removed accumulate in the tissue spaces ; the local osmotic pressure rises 
and retention of interstitial fluid follows. The oedema fluid contains protein 
in concentrations varying from a trace to 0*5% indicating some, but on the 
whole not greatly increased permeability of the capillaries to protein. The 
oedema fluid is most readily formed in the dependent parts because there 
the capillaries are subjected to the additional hydrostatic pressure of the 
column of blood (p. 17). The oedema is noticed m the ankles in the evening 
if the patient is walking about, and passes off during the night. 

(2) A rerwil factor is frequently in operation also. In a normal person 
the sodium excretion in the urine approximately equals the intake, th^ 
keeping the Na+ concentration in the plasma and interstitial fliiid within 
normal limits. In congestive heart failure, urinary Na"*" excretion is reduced, 
even down to 1% of normal (Fig. 62). (Iwing to Na+ retention, water is 
secondarily retained in the extracellular fluid to preserve the normal osmotic 
concentrations ; the flow of urine is corresponding decreased. The reasons 
for the failure of Na+ excretion are obscure, but the following suggestions 

have been made. , x • 

(i) Owing to a reduced renal blood flow, the glomerular filtration rate is 
decreased leading secondarily to retention of sodium. In some cases of 
congestive heart failure with marked oedema the measured renal plasma flow 
was 20-30% of normal, and the glomerular filtrate volume 30-50% of normal ,* 

1 Brod and Fejfar, Quart. J. Med., 1950, 19, 187, 221. MerriU, J. din. Investig., 1946, 
5, 389 ; Bull. N. 7. Acad. Med., 1948, 24, 607. 
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Fig. 62. — Sodium and Water Output in 
Congestive Heart Failure. (Reaser 
and Burch, Proc. 8oc, exp, Biol, 
Med,, 1946, 63, 543.) 

The block diagrams compare the urine volume 
(in c.c. per minute) and sodium excretion 
in a normal subject and a patient vdth 
congestive heart failure before and after 
adi^lnistaing a mercurial diuretic. 

C.H J*. : congestive heart failure. 

Eegular and Low: normal diet and salt>free 
diet respectively. 

Before beginning the observations both the 
normal subject and the patient were given 
200 C.C. of a 1% solution of 22H^aCl* (Le. 
sodium chloride containing radio-active 
22Na*, half-life** 3 years) which diffhses 
throughout the body fluids; the rate of 
excretion of 22Na* in the urine is determined 
with a Geiger counter and is directly 
proportional to total Na excretion. 

Urin$ voIutm: On a normal salt intake the 
normal subject secretes 2*32 c.c. of urine 
per minute compared with 0-67 c.c. in the 
patient ; the mercurial diuretic greatly in- 
crease urine flow in the latter (to 3*6 c.c.). 

On the low salt intake the urine volume is 
equally low in both subjects but is again 
increased in the patient by the diuretic 
(from 0*87 to 2*01 c.c.). 

}fa excretion : Note the failure of Na excretion in 
the patient and the enormous increase (&om 
6-6 to 403 counts on a normal diet, and 
from 23 to 166 on a salt &ee diet) produced 
by the diuretic. 


the filtration fraction was 0*3-0'5% 
which is suggestive of constriction of 
the efferent glomerular vessels (p. 25).^ 
But, as explained on p. 73, the 
glomerular filtrate must fall to 
negligibly low levels before failure 
to excrete the normal Na+ intake can 
occur ; such a degree of renal failure 
would be inevitably associated with 
marked retention of nitrogenous waste 
products, which in fact does not take 
place. 

(ii) More probably, there is a primary 
derangement of tubular function ex- 
pressing itself by an excessive degree 
of Na+ reabsorption, i,e. more Na+ 
than normally is passed back into the 
blood from the lumen of the tubules ; 
the same mechanism may be respons- 
ible for excess reabsorption of water. 
The tubular abnormality may be 
secondary to the local circulatory dis- 
turbance or it may result from some 
endocrine disorder, e,g, excessive secre- 
tion of the antidiuretic hormone or 
of adrenal cortex steroids (p. 967). 
Whatever the nature of the tubular 
disturbance it is annulled by the 
administration of the mercurial diuretics 
(Pig. 62). A low salt intake relieves the 
condition by arresting the accumulation 
of sodium in the body. 

3. Renal (Edema. — (Edema occurs 
(i) in Tyfe 2 nephritis {nefhrosis or 
nephrotic syndrome) (p. 75) ; (ii) in the 
acute stage of Type 1 nephritis (p. 75) ; 
(iii) in chronic nephritis (p. 76). 

(1) (Edema of Type 2 Nephritis 
(Nephrosis).^ — ^As explained on p. 75, 
the characteristic renal lesion is hyalin- 
ization of the basement membrane of 
the glomerular capillaries and lipoid 
accumulation in the renal tubules. In 
this disease the oedema is severe and 
is often accompanied by effusions into 


^ Hormal renal plasma flow per minute is 700 c.c. ; suppose it is reduced to a quarter, 
i,e,^ to 170 c.c. Normal glomerular filtrate volume per minute is 120 c.c. ; suppose 
it is reduced to 40%, i,e. to 50 c.c. Filtration fiaction (glomerular flltrate/renal pmsma 

“iro normal fraction is ^=0-17). * Leiter, Medieint, 1931, 10, 136. 
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the serous cavities. In accounting for the oedema the following points have 
to be considered. 

(i) There is a little direct evidence of general renal insufficiency : the urea 
clearance test (p. 39), urea concentration test (p. 69), ammonia formation 
(p. 97), blood nitrogen and hydrogen-ion concentration are all normal. 
Hypertension, cardiac enlargement, and uxeemic symptoms do not develop. 

(ii) The oedema fluid has a negligible protein content (about 0*1% com- 
pared with 0*6-1% in acute Type 1 nephritis) ; this indicates that general 
capillary permeabUity to protein is not increased. 

(iii) The volume of urine is greatly reduced and may only amount to a 
few" hundred c.c. daily. If water is ingested, or saline given intravenously, 
the excess fluid is excreted in the urine fairly rapidly and completely. From 
time to time spontaneous marked diuresis takes place. These observations 
suggest that the primary trouble is not inability of the kidney to excrete water or 
salt ; the volume of urine is diminished because the fluid is retained in the 
tissue spaces. 

(iv) The outstanding urinary abnormality is the excretion of large amounts 
of protein up to 5-20 g. per litre of urine daily, and numerous casts — hyaline, 
granular, or epithelial. The urinary protein is almost wholly albumin (and 
only to a slight extent globulin), and there is no detectable difference between 
it and the albumin, of the plasma from which it doubtless comes. One must 
suppose that the permeability of the glomerular capillaries is altered so that the 
smaller albumin molecules escape from the plasma while the larger globulin 
molecules are retained. 

(v) The expected changes are found in the plasma. The total plasma 
protein concentration is reduced, e.g. to 3-5-5*3% *, there is no evidence that 
this is the result of an increased water content of the plasma. The protein 
depletion affects chiefly the albumin which falls from the normal 4% 
to 2 or even 1% ; the albumin/globulin ratio is reduced from 1*5-2 to 
0*5- 1.1 The globulin of the plasma may sometimes rise above normal 
owing to compensatory regeneration. The plasma protein concentration rui^ 
roughly parallel to the urinary protein loss, but other factors influence it 
too, e,g, varying degrees of fresh protein formation (which depends partly 
on the diet). The plasma protein osmotic pressure is greatly reduced. 
1 g-% of albumin exerts an o.p. of 6 mm. Hg, while 1 g-% of 
globulin exerts an o.p. of only 1*5 mm. Hg.^ The differential loss of plasn^ 
protein is most serious from this point of view, especially as the osmotic 
pressure per 1 g. falls as the total concentration falls. The normal balance 
between the blood and the tissues is deranged, and excessive amounts of fluid 
(and secondarily of salt) flow into the tissue spaces and are retained there. 
The fall of serum-albumin concentration and the associated lowering of the 
plasma protein osmotic pressure is the chief factor producing the oedema 
(Fig. 63) and the effusions into the serious cavities ; owing to fluid retention 
in the tissues the urinary output is decreased. In nephrosis the critical 
level for oedema is said to be a total plasma protein concentration of 5%, 
and a serum albumin concentration of 2%. Attention must principally be 

paid to the latter. . x 

(vi) Salt deprivation tends to decrease the oedema because water cannot 
be retained in the body unless an adequate amount of sodium chloride is 
1 For normal plasma protein values see p. 133. * Cf. p. 15. 
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available to give the Eormal crystalloid concentration. This observation is 
made use of in treatment. 

(vii) There may be other subsidiary factors at work. There is a 
marked rise in the plasma cholesterol from 0* 15-0*2 up to 1%, or even 
higher. The basal metabolic rate may be reduced to 20% below normal. 
These observations suggest that some tissue abnormality may possibly be 
present too. 

OEdema and ascites of an identical kind can be produced experimentally 
in dogs by lowering the plasma protein concentration below 3% by the 
method of plasmapheresis (p. 137). This consists in removing whole blood 



Fig. 63. — Relationship of (Edema to Lowered Plasma Protein Concentration due to 
Protein Starvation in Dogs. (Weech, Bulh N.Y. Acad, Med.^ 1939, 15, 74.) 

Ordinate : concentrations of various proteins in plasma in g-%. Open circles indicate no 
oedema present ; black circles indicate oedema present. Vertical lines in the middle of 
each column represent the range of normal variation, oedema is closely related to serum 
albumin concentration (oedema is commonly present when the albumin concentration is 
less than 2%), to a less extent to total plasma protein (when it is under 6%), and not at 
all to serum globulin concentration. 

and reinjecting the corpuscles suspended in protein-free Ringer-Locke’s 
solution. If this treatment is stopped for a day or two the protein concentra- 
tion rises above 3% as a result of plasma protein regeneration and the oedema 
disappears. 

A generous protein intake is advised for nephrotic oedema, the minimum 
bemg 1 g. protein per kg. body weight over and above the equivalent of the 
urinary protein loss. The ingested protein is of course not directly converted 
into plasma protein but provides the appropriate amino-acids required for 
large-scale protein regeneration. It must be remembered, too, that quite a 
small rise of plasma protein level may make all the difference between 
incapacity and comfort, by markedly modifying the degree of oedema. The 
full caloric needs of the patient should also be provided. Even the occurrence 
of some nitrogenous retention in the blood is not an indication for limiting 
the protein intake. Protein may perhaps also help by stimulating metabolism 
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and by giving rise to urea which acts as a powerful diuretic (p. 69) ; in fact, 
urea may be deliberately administered as a diuretic. 

(2) Acute Type 1 Nephritis (Acute Glomerulo-nephritis). — The 
cedema occurs early in the disease and is slight and transient. It is suggested 
that the agent which is responsible for the inflammatory changes in the renal 
glomeruli also affects the capillaries generally. As in all forms of inflammation, 
capillary permeability is increased, leading to escape of protein into the inter- 
stitial spaces with consequent retention of fluid there. The protein content 
of the oedema fluid is 0-6-1%. 

(3) Chronic Nephritis. — The oedema may be due to a number of factors, 
e.g. retention of electrolytes (Na+, Cl') and water owing to deranged renal 
function and possibly increased capillary permeability.^ 

4. Nutritional (Edema. — ^During times of war and famine, whp the 
amount of food available is insufficient, oedema (without albuminuria) 
develops in many members of the community. This occurred commonly in 
concentration and internment camps during the last war. The diet generally 
showed multiple deficiencies, being defi.cient in total calories {e.g. 1200-2000 
Cal. daily), in total protein content {e.g. 20 g. daily) and in several of the 
vitamins (cf. pp, 1045 et seq.). 

(1) Experimental Protein Deficiency (Edema. — Experimentally it 

is found that simple, prolonged, severe, protein deficiency ppduces loss of 
appetite, great wealmess, and oedema ; the last symptom is related to a 
great reduction of serum albumin and total plasma protein, and not at all 
to the concentration of serum globulin (Fig. 63). The oedema is attributed 
to the lowered plasma protein osmotic pressure (as in nephrosis, p. 113). 
If adequate amounts of protein are added to the diet, recovery ultimately 
occurs but improvement is slow owing to the poor appetite and perhaps 
also because of impaired liver function which leads to a slow rate of plasma 
protein synthesis (p. 137). As the plasma protein osmotic pressure rises the 
oedema disappears, and strength returns. i v • i 

(2) Clinical Nutritional (Edema. — In the hght of these results climcal 
nutritional oedema has been generall]^ attributed to the deficient protein 
intake and the lowered plasma protem osmotic pressure ; careful studies 
however show that several factors are involved. 

(i) Blood examination showed the following average plasma protem 
concentrations in g-"% iu normal and malnourished groups of subjects . 

Normal British . . . . ■ 7-0 g-% 

Internees : without oedema . . • fl'2 ,, 

with slight oedema . . • b*l „ 

„ moderate oedema . . 5*1 „ 

„ severe oedema . . . 4*8 „ 


The serum albumin in cases with oedema was 2-6-3*8%. In indimd'ml cases, 
however, the plasma protein or serum albumin level was not precisely related 
to the presence or the degree of oedema ; in other words no critical plasma 
osmotic pressure level was found to be associated with oedema. ^ i 

(ii) Rest in bed without any change in the diet has a remarkable benencmi 
effect. The oedema may disappear in 2-4 days ; dumg tks period the 
body weight may decline by 3-7 kg. owmg to the elimination of excess 
1 The causes of ascites in portal obstruction are considered on p. 822. 
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extracelluldfi fluid. The volume of urine passed m the lirst 48 hours may 
amount to ten litres j large amounts of Cl are excreted at the same time 
even up to 45 g. During this period, even on a full diet, the plasma protein 
may show no regular change. On getting up and doing some work, CF and 
water are retained and the oedema returns. 

(iii) The degree of clinical (^.e. subcutaneous) oedema is not always a 
reliable index of the amount of fluid retained because the fluid may be 
differentially stored in the internal organs, e.g, in the brain, mediastinal, 
perirenal or retroperitoneal tissues. 

(iv) The astonishing effects of rest and exercise suggest that a rerml factor 
is involved. It is possible that (as in congestive failure) there is some 
disorder in tubular function which is aggravated by exercise ; one recalls 
that exercise calls forth a secretion of antidiuretic hormone (p. 53) which 
actively stimulates the reabsorption of water. 

(v) The oedema which develops in the course of marasmus and gastro- 
intestinal disorders of infancy and in cachectic states may be due to similar 
mechanisms.^ 

Beri-beri (Edema, — In clinical wet beri-beri resulting from vitamin-Bj 
deficiency, severe generalized oedema may be present ; recovery occurs in 10 
days on adding 2 mg. of to the daily diet. This recovery also is associated 
with a greatly increased volume of urine. The factors responsible for the 
oedema of beri-beri have not been adequately analysed. 

5. Inflammatory (Edema (see p. 222). 

6. L3rmphatic Obstruction, e,g. from growth, parasitic worms, may 
give rise to marked oedema which must be attributed to interference with the 
removal of tissue fluid. This is not altogether a satisfactory explanation, 
as under normal resting conditions the tissue fluid can be satisfactorily 
removed by the venous blood alone. 

Pulmonary CEdema.^ — Certain peculiarities of the pulmonary circulation 
must be borne in mind. In man, the normal pulmonary arterial diastolic 
pressure is on an average, 8 mm. Hg; the pressure in the pulmonary 
capillaries is 2-8 mm. Hg. Thus throughout the length of the pulmonary 
capillaries the blood pressure is substantially less than the osmotic pressure 
of the plasma proteins ; there is consequently no tendency for fluid to escape 
from the pulmonary capillaries into the neighbouring tissues, including the air- 
sacs. As a result the air passages are normally kept dry except for the water 
vapour which is given off by the blood and saturates the respired air (p. 364). 

Fluid can escape from the pulmonary capillaries into the air-sacs in two 
sets of circumstances : 

(i) When the pulmonary capillary endothelium is damaged its permeability 
increases ; plasma protein leaks out and attracts and holds a certain volume 
of excess fluid in the extravascular spaces including the air-sacs. 

(ii) When the pulmonary capillary blood pressure exceeds the plasma 
protein osmotic pressure of 25 mm. Hg excess fluid is filtered out from the 
blood into the air-sacs. Sometimes both factors (i) and (ii) are simultaneously 
involved. 

The fluid which enters the lungs is beaten up into a froth by the pulmonary 
ventilation and mechanically hinders the flow of air into and out of the depths 

^ See Keys et al,. Biology of Human Starvaiiont Minneapolis, 1960, vol. II, 921. 

* Cameron, Brit, med, J., i., 966. Cf, also p. 307. 
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of the lungs. If there is swelling of the pulmonary epithelium gaseous inter- 
change, especially of oxygen, is interfered with ; anoxia develops leading 
ultimately to respiratory arrest. The volume of fluid lost from the plasma 
into the lungs may in extreme cases be so large as to produce hsemoconcentra- 
tion. Some of the oedema fluid drains away in the pulmonary lymphatics ; 
but as the rate of flow along these vessels is slow they cannot cope with rapidly 
formed exudates. When the permeability of the pulmonary capillaries is 
mcreased, intravenous infusion of plasma (to make good the fluid loss) merely 
leads to a further rapid escape of fluid from the blood, aggravating the 
pulmonary oedema. 

If saline is introduced into the lungs it is rapidly taken up into the blood 
owing to the suction action of the osmotic pressure of the plasma proteins. 
On the other hand, plasma introduced into the lungs is absorbed slowly, 
persisting for days. Similarly, protein-rich oedema fluid or inflammatory 
exudate in the air-sacs (such as is formed in pneumonia) clears up only 
gradually. 

The common clinical and experimental causes of pulmonary oedema are 
as follows : 

(1) Conditions associated with Increased Pulmonary Capillary 
Permeability. — (i) Inhalation of irritating gases like phosgene, mustard 
gas, or lewisite vapour, ammonia vapour, and many irritating smokes : all 
these act directly on the lung tissue with which they come in contact. 

(ii) Absorption into the blood of chemicals like iodides, thiourea, or 
methyl salicylate which have a selective injurious action on the pulmonary 
capillaries.^ 

(iii) Neurogenic (Edema. — Pulmonary oedema commonly ocoms as a 
terminal event in lesions of the central nervous system. Experimentally 
raised intracranial pressure may induce an oedema which is partially or 
wholly annulled by section of the vagi. It is suggested that changes in the 
central nervous system may lead to a discharge of impulses along nerve paths 
(possibly the vagi) to the pulmonary capillaries increasing their permeability 
and so leading to the escape of a protein-rich oedema fluid. 

(2) Circulatory Failure. — (i) In chronic congestive heaH failure (p. 460) 
the left auricular pressure rises and as a result the pressure in the pulmonary 
veins and the capillaries also rises, driving more fluid out into the air-sacs. 
It should be remembered that these pulmonary vessels are very distensible 
so that a large increase in their blood content must occm before much 
change of pressure takes place. As the oedema fluid is rich in protein there 
is probably some associated increased capillary permeability. Experimentally 
it is found that when there is some pulmonary capillary damage quite a 
moderate rise of capillary pressure may produce marked oedema. 

(ii) Acute oedema of the lungs occurs in acute left ventHcular failure 
associated with temporary normal activity of the right ventricle leading to 
pulmonary congestion and raised capillary pressure (p. 464). In some 
patients with circulatory disorders, the onset of a severe bout of coughing 
may likewise induce pulmonary oedema by obstructing the venoim outflow 
from the lungs (p. 463). In grave cases both lungs are entirely filled with 

1 Certain agents act selectively on capillaries elsewhere ; e.g. para-phenylene-dian^e 
produces oedema of the head and face ; oestrogens act on the sexual skin m certain 
monkeys. 
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cBdema fluid, and frothy, possibly blood-stained, fluid may pour out of the 

(3) Massive Intravenous Infusions of Saline may induce pulmonary 
CBdema. If there is an associated rise of pulmonary venous pressure the 
oedema is presumably due to this cause ; but the oedema may occur in the 
absence of this factor. The explanation is then unknown. 


THE CEREBROSPINAL FLUID ^ 

The cerebrospinal fluid is considered here because it is a subdivision of 
the extracellular fluid. As examination of the cerebrospinal fluid is an 
important routine of clinical medicine, it is essential to have a clear conception 
of its physiology and anatomy. 

Anatomy. — The central nervous system is enveloped by the meninges ; 
from without inwards these are termed dura, arachnoid, and pia. The dura 
consists of fibrous tissue lined by endothelium. Separating it from the 
arachnoid is the subdural space, which contains a small amount of fluid 
resembling lymph (Fig. 69). The dura ends at the lower border of the second 
sacral, the spinal cord at the lower border of the first lumbar vertebra. The 
spinal theca can therefore be punctured in the lower lumbar region without 
fear of injury to the cord. 

The arachnoid is separated from the pia by a space of variable size called 
the svbarachnoid space, which contains the cerebrospinal fluid. The pia 
invests the nervous substance very closely. The arachnoid, however, does not 
dip into the sulci or fissures (with the exception of the longitudinal sulcus), 
and invests the spinal cord quite loosely. There are also definite dilatations 
of the subarachnoid space called dsternce. The cisterna magna [cerebello- 
medullaris] is found in the interval between the medulla and the under- 
surface of the cerebellum. The cisterna pontis lies on the ventral aspect 
of the pons and contains the basilar artery. The cisterna basalis [ihter- 
peduncdaris] is formed by the arachnoid bridging across the interval 
between the tips of the temporal lobes, and contains the circle of Willis 
[circulus arteriosus]. Prolongations of the subarachnoid space extend along 
the sheaths of the spinal and cranial nerves, particularly the optic (p. 125). 
The rest of the cerebrospinal fluid lies in the ventricles of the brain. The 
ventricles establish a connection with the extraveAtricular fluid through the 
foramen of Magendie [medial aperture] in the middle line m the inferior part 
of the roof of the fourth ventricle, and the foramina of Luschka [lateral 
apertures] at the extremities of the lateral recesses of this ventricle. As the 
arteries and veins enter and leave the brain substance they are surrounded 
by the perivascular spaces, which are continuous at one end with the sub- 
arachnoid space and at the other with the fine spaces which surround the 
nerve cells (see Fig. 69). The flow along these perivascular spaces (which 

^ Assoc. Bes. nerv. ment. Bis. (Baltimore) ; Cerebrospinal Fluid, 1924 ; Intracranial 
Pr^mre in BeaUh and Disease, 1929. Greenfield and Carmichael, Cerebrospinal Fluid iv 
Clinical Diagnosis, London, 1926. Neel, Cells and Pi>‘oteins of Cerebrospinal Fluid, London, 
1939. Friedemann, Physiol. Rev., 1942, 22, 126. 
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correspond to the spaces containing interstitial fluid in other organs) is 
normally outwards to the subarachnoid space, and they serve to remove waste 
products resulting from cell activity. 

Choroid Plexuses . — Some arteries (accompanied by a covering of pia) pass 
through the brain substance to reach the lining ependymal layer in the lateral, 
third and fourth ventricles. They then break up into complex capillary net- 
works which project into the ventricular cavities and become lined by the 
now much folded ependymal cells. The blood vessels and their lining epi- 
thelium constitute the choroid plexuses. The epithelium becomes differentiated 
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into cubical cells containing mitochondria, granules, and vacuoles, evidence 
that the cells are the seat of active metabolic processes. , „ 

Composition. — Cerebrospinal fluid is clear, colourless, and alkaline , the 
specific gravity is about 1005. It contains up to 5 lymphocytes per c.e^. 
In general its composition resembles that of protein-free plasma, but i'here 
are significant differences in the concentrations of the individual crystalloid 
constituents. The average values for its main constituents (m m^ per 
100 c.c.) are as follows (the figures in brackets are those for ^sma) : Na , 334 
(330) : K+, 10-6 (17) ; Ca++, 5-3 (10-3) ; Cl', 436 (365) ; HCOg , 105 (150) ; 
HPOi", 1-8 (3-0) ; SO/, 0-6 (1-9) ; glucose, 70 (100). The proietm content is 
minute, i.e. 0-02-0-035 g-% (plasma, 8-0 g-%), equaUy distributed between 
albumin and globulin. The intraventnoular fluid is probably free from cells 
and protein; these may be added to the fluid in the subarachnoid space 



120 


VENTRICULOGRAPHY 


by exudation from the meningeal blood vessels. The total volume of the 
ciebrospinal fluid in man is 100-150 c.c. When free escape is allowed to 
the exterior, the rate of formation is 20 c.c. per hour or about 500 c.c. 

^ Venixiculography.^ — The anatomical condition of the cerebral ventricles 
can be studied clinically by injecting air into them. A small trephine hole 
is made in the skull and a fine needle is passed through a “ silent Mea ” of 
the brain into the lateral ventricle ; when it is entered, cerebrospinal fluid 
wells out. If the fluid is found to be under excessive pressure it is allowed 


Third Vent. Distant Lateral Vent. Near Lateral Vent. 



Fig. 65. — ^Normal Ventriculogram (Lateral View). (Harvey Jackson.) 

to escape till the pressure has fallen to the normal level. Air is injected till 
it completely replaces all the fluid and finally fills the ventricles. A radiogram 
is then taken in the lateral and antero-posterior positions. Figs. 64 and 65 
enable a comparison to be made between a cast of the human ventricles and 
a ventriculogram in a normal subject. 

Ventriculography is of great value in determining the position, shape, 
and size of the ventricles and the patency of the various communications. 
The ventricles may be found to be excessively distended or incompletely 
filled, distorted, or displaced. Considerable help may be obtained in this 
way in the localization of cerebral tumours. 

Formation of Cerebrospinal Fluid. — Site of Formation. — It is formed 
by the choroid plexuses, especially by the large plexuses which are found 
in the lateral ventricles. The cerebrospinal fluid passes from the lateral 
^ Loyal Davis, Intracranial Tumours, New York, 1933. 
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ventricles tlirough the foramina of Monro [interventricular foramina] into 
the third ventricle, aqueductus Sylvii [cerebral aqueduct], and fourth ventricle, 
and out through the foramina of Luschka and of Magendie into the sub- 
arachnoid space, both cerebral and spinal (Fig. 64). The evidence is as follows.^ 

(i) If the interior of the lateral ventricle is exposed at operation in man, 
drops of clear fluid can be seen exuding from the surface of the choroid 
plexus. 

(ii) Experimentally, if a catheter is introduced into the third ventricle, 
a continuous flow of fluid is obtained. On the other hand, if the aqueductus 
Sylvii is occluded, the lateral ventricles become greatly distended by the 
retained fluid, the condition being called internal hydrocephalm. 

(iii) When one foramen of Monro is occluded, unilateral hydrocephalus 
(of the corresponding lateral ventricle) results. If, however, the corresponding 
choroid plexus is coincidentally extirpated the ventricle remains coUapsed. 

(iv) Obstruction of the foramina of Magendie and Luschka results in 
distension of the whole ventricular system. 

Mechanism op Formation. — Cerebrospinal fluid may be regarded as a 
specialized form of interstitial fluid. One may consider whether its formation 
can be accounted for in the same way as interstitial fluid elsewhere,^ i,e, 
whether it is due to the filtering force of the capillary blood pressure exceeding 
the opposing (suction) force of the plasma protein osmotic pressure. The 
following points should be noted : (i) the blood pressure in the capillaries in 
the choroid plexuses is unknown ; (ii) while the hydrostatic pressure in the 
tissue spaces generally is zero (i.e, atmospheric pressure), the hydrostatic 
pressure of the cerebrospinal fluid in the ventricles is 5-10 mm. Hg. For 
filtration to occur in the choroid plexuses, the capillary pressure there must 
exceed the sum of the two opposing forces, i.e. the plasma protem osmotic 
pressure and the intraventricular cerebrospinal fluid pressure. It is impossible 
to say therefore whether adequate physical forces are available in the choroid 
plexuses to drive fluid out of the blood vessels into the ventricles. The 
capillaries in the plexuses, too, are not lined by a simple, thin endothelium, 
but are covered by a thick, highly differentiated and relatively impermeable, 
cubical epithelium. The crystalloid concentrations in plasma and cerebro- 
spinal fluid (p. 119) differ in a manner and to a degree which cannot be 
accounted for by the known physical forces. 

If cerebrospinal fluid were a simple filtrate its composition should follow 
rapidly and faithfully changes in the plasma. This pointy can be tested by 
injecting intravenously salts containing minute “ tracer ” doses of radio- 
active electrolytes and comparing their concentrations at intervals in the 
plasma and in freshly formed cerebrospinal fluid (collected from the cisterna 
magna). Representative results in such experiments after intravenous 
injection of salts containing radio-active sodium (^^Na*), radio-active 
potassium (^K*), and radio-active phosphate ( 32 PO 4 '"*) are mustrated m 
Figs. 66, 67, and 68. These substances readily diffuse into the interstitial 
fluid and their concentrations there and in the plasma soon become equal. 
The figures, however, show that the fUsma and cerebrospinal fluid concentra- 
tions pursue an independent course and even when finally some degree of 

jPandy and Blackfan, Am&r. J. Child. Dis., 1914, 8, 406. Dandy, Ann. 8urg., 1919, 
70, 129. 

* Read carefolly pp. 17 ei aeq. 
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equilibrium is established there are marked differences in the concentrations 
in the two systems. The detailed fin dings are as follows ; 

(i) Plasma ®*Na* falls rapidly during the first hour as equilibrium is estab- 
lished by diffusion into the interstitial fluid ; the _2*Na* level, however, rises 
more slowly in the cerebrospinal fluid than in the interstitial fluid elsewhere ; 
when after many hours fiinal equilibrium is attained cerebrospinal fluid *^Na* 
is found to exceed the plasma ®*Na* level, a state of affairs that cannot be 
accounted for by simple diffusion through a “ non-selective ” membrane. 



MINUTES HOURS 

Figs. 66 and 67. — ^Interchanges of Radio-active 
Na (2^Na*) and K between Plasma and 

Cerebrospinal Fluid (in dogs). (Greenberg 
etal., Aimr, J. Physiol,, 1943, 140, 61.) 

The ordinates represent the concentration of (Fig. 66) 

and (Fig. 67) in arbitrary units in plasma (upper 
record) and cerebrospinal fluid (lower record) following 
an intravenous injection of a minute dose of salts 
containing these radio-active elements. 

(ii) The behaviour of jig different ; the maximum level in the 
cerebrospinal fluid is reached in 10-20 minutes but is always less than in 
plasma ; ^K* is progressively removed from the plasma by the muscles, 
other tissues, and red cells. The muscles ultimately retain over 90% of the 
injected element and the final muscle concentration may be four times 
as great as plasma [These results provide further evidence that K+ ions 
can traverse muscle and other cell membranes (cf. p. 7).] 

(m) Ra^o-active P (®2p*) (as phosphate) reaches its cerebrospinal fluid 
maxi mum in about 50 minutes and then declines, but always remains at a 
substantially lower level than in plasma. Plasma progressively decreases 
as it is incorporated in the bones or built up in the cells into organic esters. 
These studies show that interchanges between plasma and cerebrospinal 
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fluid follow a different course from those between plasma and the interstitial 
fluids generally. The cells of the choroid plexuses thus maintain a character- 
istic electrolyte structure in the cerebrospinal fluid which differs from that of 
plasma ; in other words these cells actively regulate the transfer of ions and 
other crystalloids (cf. cell membranes, p. 7.) Cerebrospinal fluid formation is 
thus not a simple process of filtration and is therefore commonly labelled a 
process of ‘‘secretion,” the word “ secretion ” drawing attention to the 
undetermined factors involved. 
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MINUTES HOURS 

Fio. 68. — Interchange of Radio-active Phosphorus 
(32p*) (as PO4'") between Plasma and Cerebro- 
spinal Fluid (in dogs). (Greenberg et aZ., Amer J, 

Physiol, 1943, 140, 54.) 

The ordinate represents the concentration of 32 p* (in arbitrary 
units) in plasma and cerebrospinal fluid following an intra- 
venous injection of a salt containing a minute dose of 32 p*, 

(Note that the values on the ordinate are not uniformly 
spaced.) 

It should be noted also that hile pigment does not penetrate into the 
cerebrospinal fluid (except in traces) even in deep jaundice. Similarly many 
drugs enter the cerebrospinal fluid from the blood only with difficulty. 

Absorption. — (1) Route. — Cerebrospinal fluid is absorbed mainly via 
the arachnoid villi into the dural sinuses and the spinal veins ; to a minor 
degree fluid may pass along the sheaths of the cranial nerves into the cervical 
lymphatics and also into the perivascular spaces. Roughly four-fiffchs of the 
fluid is absorbed via the cerebral arachnoid villi and most of the rest via the 
spiual villi. The arachnoid villi are small finger-like projections (lined by the 
usual flat epithelial cells of the subarachnoid spaces) which project into the 
venous sinuses as shown in Fig. '69. The Pacchionian bodies [arachnoideal 
granulation] are simply exceptionally large villi ; they are few in number 
and present only in the adult. 

The route of absorption of the cerebrospinal fluid was demonstrated by 
Weed, who injected into the subarachnoid space of the living animal a 
solution of potassium ferrocyanide and iron ammonium citrate in isotonic 
saline, at a pressure of 15 cm. HgO. The nervous system and meninges were 
removed and fixed in acid solution which precipitated the salts as Prussian 
blue. Histological examination showed that the dye passes through the 
arachnoid villi into the dural venous sinuses (and into the perivascular 
channels too if the animal is bled during the experiment). CoUoids are also 
absorbed, but slowly. 
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(2) Mechanism. — Absorption probably depends both on filtration and 
osmosis. In cats the cerebrospinal fluid pressure actually exceeds the pressure 
in the venous sinuses by 0-5-5 cm. HjO, thus driving fluid into the veins 
{hr filtration). More important probably is the 25 mm. Hg osmotic jiresswe 
of the plasma proteins, which draws fluid into the blood (in the same way 
that it causes the absorption of tissue fluid elsewhere, p. 15). As the cerebro- 
spinal fluid pressure exceeds that in the veins, it might have been thought 
that the latter would be compressed against the skull bones and be obliterated. 
The firm attachments of the dural layer forming the walls of the veins is 
believed to prevent this happening. 
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Fig, 69. — Diagram to show relations of Pia-araohnoid, Arachnoid Villi, and Cortical Veins 
to Dural Sinuses. Note the blood vessel coining from the brain substance surrounded 
by a continuation of the subarachnoid space. The arrows show the direction of 
flow of the cerebrospinal fluid. A = arachnoid villi. (Modified from Weed.) 
(H. Cushing, iTvtracranial Physiology and Surgery ^ 1926.) 

Fluid Pressure. — The normal pressure of the fluid depends on a balance 
between its rate of secretion and of absorption. The value in man in the 
lateral recumbent position varies between 100-200 mm. HgO. The pressure 
in the sitting position is 200 mm. HgO higher than in the recumbent position. 
A rise of venous pressure such as follows coughing or crying hinders absorption 
and so raises the cerebrospinal fluid pressure. Compression of the internal 
jugular vein has a similar effect (Queckenstedt's sign) (Fig. 72). 

Functions of Cerebrospinal Fluid. — (i) It serves as a fluid buffer, 
(ii) It acts as a reservoir to regulate the contents of the cranium ; if the 
volume of the brain or of the blood increases, cerebrospinal fluid drains away ; 
if the brain shrinks, more fluid is retained, (iii) It may serve to some extent 
as a medium for nutrient exchanges in the nervous system ; in the main, 
however, the brain carries out its metabolic exchanges directly with the blood. 
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Effects of Cerebral Tumour and other Space-Occupying Lesions/* 
— If there is any increase in the intracranial contents, as by a tumour of the 
cerebrum, additional room is made by expulsion of some cerebrospinal fluid. 
Then the blood vessels are compressed and the gyri flattened, and gradually 
there is a general rise of pressure above the tentorium. This rise of pressure 
is transmitted to the prolongations of the subarachnoid space which surround 
the optic nerves. The first structures in the nerve to suffer from compression 
are the veins ; blood can still flow along the arteries and reach the optic disc, 
but its return is interfered with. In consequence, the minute vessels at the 
nerve head become engorged and swollen, and fluid exudes from them at this 
point of least resistance. The resulting appearance, on ophthalmoscopic 
examination, is termed papilloedema. 

Pressure is then exerted on the posterior fossa of the skull. The cere- 
bellum is gradually driven into and through the foramen magnum, fills this 
aperture like a cork, and thus impedes the escape of fluid into the spinal 
canal, whence about one-fifth of the total absorption of fluid normally occurs. 
In addition the fourth ventricle foramina (of Magendie and Luschka) are 
probably distorted and partially blocked. A vicious circle is thus established : 
as cerebrospinal fluid cannot escape from the ventricles and is not absorbed, 
hydrocephalus (infra) results. This further raises the intracranial pressure 
and wedges the cerebellum still more firmly into the foramen magnum ; the 
cerebral vessels are further compressed and finally, death results from medul- 
lary anaemia. 

Hydrocephalus.^*- — By this term is meant a pathological accumulation 
of cerebrospinal fluid ; the hydrocephalus may be internal or external, aceord- 
ing as to whether the excess fluid is in the ventricular system or in the sub- 
arachnoid space. Theoretically hydrocephalus might be due to ; 

(i) Oversecretion of fluid, the rate of formation exceeding the rate of 
absorption. Oversecretion has been alleged to result from (a) extensive 
hypertrophy of the choroid plexuses, or (&) a rise of the capillary blood 
pressure in the plexuses owing to thrombosis of the vein of Galen which 
drains this region. Clinically oversecretion is a negligibly rare cause. - 

(ii) Obstruction to the outflow of the fluid. The obstruction may be : 

(а) Intraventricular, blocking the foramen of Monro, the cerebral aque- 
duct, or the fourth ventricle foramina. The fluid in the occluded ventricles 
cannot escape and cannot undergo absorption locally ; its volume progres- 
sively increases because of continued formation of fluid by the cnoroid 
plexuses. 

(б) Extraventricular : (a) preventing the free flow of the fluid throughout 
the subarachnoid space and so diminishing the total surface of arachnoid 
villi available for absorption. Thus a block at the foramen magnum prevents 
the fluid from entering the spinal arachnoid and thus cuts off one-fifth of 
the absorbing surface ; a block at the tentorial opening [cistema ambiens] 
prevents the fluid from passing from the posterior fossa of the skull into the 
supratentorial subarachnoid space where most of the absorption normally 
occurs ; (jS) inflammatory changes in the leptomeninges may occlude the 
arachnoid villi ; (y) thrombosis of the dural sinuses prevents the escape of 
the fluid from the subarachnoid space into the veins. 

* Dorothy S. Russell, Pathology of Hyd)rocephalu8, British Med. Res., Council Sp 
Rep. No. 205, London, 1949. 
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Expbbimbntal Hydkocephalus.— (i) The injection of foreign particles 
{e,g, lamp black, trypan blue, or thorotrast) into the cisterna magna stimulates 
the arachnoid cells (i.e. those lining the subarachnoid space). They become 
rounded, proliferate rapidly, and display phagocytic properties, ingesting 
the foreign material like macrophages elsewhere (cf. p. 187). Secondarily 
the leptomeninges become matted together and the arachnoid villi are pre- 
sumably blocked, thus interfering with the flow and absorption of the cerebro- 
spinal fluid. 

(ii) An alternative procedure consists in making repeated intracisternal 
injections of the animars own blood ; the blood is laked, the released haemo- 
globin is taken up by the macrophages locally and bile pigment is formed 
which colours the fluid. Meningeal reactions occur as in (i) and likewise cause 
hydrocephalus. 

Clinioal Hydbooephalus. — The causes are numerous : (i) congenital 
malformations within the ventricular system at the narrow points (usually 
the cerebral aqueduct) ; developmental abnormalities of the base of the 
skull leading to blocking of the foramen magnum ; malformation of the 
brain in the neighbourhood of the foramen magnum which becomes occluded, 
e,g. by a caudal prolongation of the cerebellum ; (ii) infections which may 
block the cerebral aqueduct, the fourth ventricle foramina, or the tentorial 
opening, or more commonly destroy the absorbing mechanisms in the sub- 
arachnoid space ; (iii) tumours may deform and obstruct the intraventricular 
system and set up a vicious circle by raising intracranial pressure as described 
on p. 125 ; (iv) occasionally dural sinus thrombosis is the causal agent. 

Communicating and Non-Communicating Hydrocephalus, — The site of the 
obstruction can often be determined by injecting phenol sulphonephthalein 
into the lateral ventricle. Normally it should appear in fluid obtained by 
lumbar puncture in 2-3 minutes, and in the urine in 10-12 minutes. If it 
does not appear in the spinal fluid or only after a long delay the hydrocephalus 
is non-communicating, i.e. the site of the block is not distal to the fourth 
ventricle foramina. If it appears in the spinal fluid normally but in the urine 
after an undue delay, the hydrocephalus is communicating, i.e. the block is in 
the meninges distal to the fourth ventricle foramina, in the arachnoid vilU, 
or in the dural venous sinuses. 

Effects of Injection of Saline Solutions.^ — (1) The intravenous 
injection of large amounts of Ringer^ s solution causes a temporary rise of 
cerebrospinal and venous pressure ; the condition soon returns to normal 
(cf. p. 59). The rise of venous and capillary pressure and the dilution of 
the plasma proteins promote cerebrospinal fluid formation and hamper its 
absorption (as with tissue fluid elsewhere). 

(2) The injection of hypotonic saline (or distilled water) causes a marked 
and prolonged rise of cerebrospinal fluid pressure (Fig. 70, A). There is an 
associated increase in venous pressure, but this is transient and so cannot be 
an important causal factor. The decreased crystalloid osmotic pressure of 
the plasma causes water to pass out of the plasma into the interstitial spaces 
where the osmotic pressure is higher. [Salt diffuses the other way ; but the 
results show that the movement of the water is so much more rapid and 
extensive that initially it alone need be considered.] Similarly water flows 
from the plasma into the cerebrospinal fluid j later there is a flow of water 
’ Weed and Hughsou. Amer, J. Physiol, 1921, 68, 63. 
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from the extracellular compartment into the cells including the brain cells 
which become swollcfi (cf. p. 64). There is thus a rise of cerebrospinal fluid 
pressure, a rise of intracranial pressure, and swelling of the brain} 

(3) If hypertonic saline {e.g, 30% NaCl) is injected intravenously the 
cerebrospinal fluid pressure (after a sharp, brief rise) falls profoundly for a 
period of 2-4 hours, recovery usually occurring within 7 hours. This effect 
is independent of the arterial pressure, which shows variable changes, and 
of the venous pressure, which rises initially and then returns to about its 
original level (Fig. 70, B). There is marked shrinhing of the hrain substance*. 



Ordinate : C.S.F. pressure (O.S.F.P.) and venous pressure (VJ*.) in mm. water ; arterial blood pressure 
(B.P.) In mm. Hg. 

A : inject 50 c.c. of distilled water intravenously. There is a trivial rise of arterial pressure, a rise of venous 
pressure and a marked sustained rise of C.S.F. pressure. 

B : mject 12 c.c. of a 30% NaOl solution Intravenously. There is a slight rise of arterial blood pressure 
after an initial fall, and a transient rise of venous pressure. After an initial rise, C.S.P. pressure 
shows a very marked and sustained fall. 

the convolutions become smaller and the sulci wider and deeper. The injection 
of 1 g. of NaOl per kg. body weight lowers the cerebrospinal fluid pressure by 
8 cm. HgO. If 10-20 c.c. of a 30% solution of NaCl are introduced into 
the duodenum or rectum of a oat the cerebrospinal fluid pressure may fall 
by 16 cm. H 2 O and not be restored to normal for 17-48 hours ; if the fluid 
is introduced into the stomach the results are less certain ; saturated solutio:^ 
of sodium sulphate give similar results, but are slower and less marked in 
their action. The general effects of an injection of hypertonic saline on the 
volume and composition of the extracellular fluid (which includes the plasma) 
and the intracellular fluid are shoym in Fig. 71. ^ 

Hypertonic saline acts by raising the crystalloid osmotic pressure of the 
plasma. Water consequently flows from the interstitial fluid into the plasma 
and secondly from the cells into the interstitial fluid. The hrain (like cells 

1 Similar changes occur in water inioxicaiion (p. 68) and may largely account for the 
cerebral symptoms. 
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elsewhere) therefore shrinks, and cerebrospinal fluid is withdrawn osmotically 
into the cerebral blood vessels generally. In addition there is a reversal of 
cerebrospindl fluid flow^ i.e. il poisses backwurds through the^ choroid plexuses 
from the verUrides mto the Uood vessels. Using Weed’s Prussian blue method, 
(p. 123), Foley ^ introduced the ferrocyanide and iron-ammonium citrate 
solution into the cisterna magna. Normally, even if the fluid is injected 
under a pressure of 40 cm. HjO, the dye does not penetrate beyond the 
aqueductus. It was found, however, that after the intravenous injection of 
hypertonic saline, the dye passed fteely into the perivascular spaces and 
into the blood vessels which they surround, into the vessels which course 
through the subarachnoid space, into the ventricular system and through the 
aqueductus Sylvii to the extremities of the frontal and occipital lobes. If a 
catheter connected to a manometer is introduced into the cerebral aqueduct 
so as to obstruct it, it is found that the intravenous injection of hypertonic 
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Fig. 71. — ^Effect of Hypertonic Saline on Distribution and 
Composition of Body Fluids. 

Total areas of E, I reraesent volume of extracellular and intracellular 
fluid. Areas Na, K represent the concentration of these ions in 
extracellnlar and intracellular fluid. 

Left-hand box : Control values. 

Middle box : EflFects of injection of h 3 rpertonic saline. The volume of 
extracellular fluid (E) is increased and its iNTa'*' concentration is raised. 
[The flow of interstitial and cerebrospinal fluid into the blood is not 
depicted.] 

Eight-hand box : The hypertonicity of the extracellular fluid withdraws 
fluid &om the cells. The intracellular fluid volume (I) is decreased 
and its concentration is raised. 


saline causes an immediate and profound fall of intraventricular pressure^ 
although the aqueduct is occluded and tke normal path, of escape for the cerebro- 
spinal fluid is not available. If Weed’s fluid is introduced through the 
catheter directly into the ventricles, and the experiment is repeated, the 
dye is found to pass through the cells of the choroid plexus into the contained 
capillaries. As the intraventricular pressure changes precede those in the 
subarachnoid space, it is obvious that fluid is being absorbed by the plasma 
in the choroid plexuses (owing to differences of crystalloid osmotic pressure), 
thus setting up a further current of fluid from the subarachnoid space 
[cisterna magna] into the ventricles. 

Clinical Atplications. — The raised intracranial pressure of cerebral 
tumour is temporarily lowered by intravenous injection of hypertonic 
solutions. The solutions employed are : 10% saline (50 c.o.), 25% glucose 
(100 C.C.), or 50% sucrose (100 c.c.). Consciousness may be restored, head- 
ache is relieved, and the swelling of the optic disc diminished. Intracranial 
1 Foley, Arch. Neurol, Psychiat,, 1921, S, 744 ; Arch, Surg., 1923, 6, 687. 
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A = 20 tnm.Hg 
B = 40 mm.Hg 
C s 60 mniHg 


opBrations ar© made easier and safer as excessive bulging of brain, substance 
is prevented. The beneficial effect of hypertonic solutions is transient. 
The hypertonic solution can withdraw c.s.f. into the blood only while the 
crystalloid o.p. of the blood exceeds 
that of the interstitial fiuid (includ- 
ing c.s.f.). Gradually, however, the 
salt diffuses out of the plasma into the 
interstitial fluid ; the water follows 
it ; and finally the plasma and inter- 
stitial fluids come into osmotic equili- 
brium, both being slightly hypertonic 
and both being increased in volume. 

This stage is harmful if it were not 
compensated for by renal activity. 

Glucose is oxidized in the body leaving 
a condition of simple water excess 
which is readily dealt with by the 
kidney. Sucrose is rapidly excreted 
in the urine. With hypertonic saline 
the excretion of the injected water 
must, however, await the relatively 
slow renal excretion of the salt. 

Cases of internal hydrocephalus 
benefit temporarily from tids treatment 
to a marked degree owing to the 
reversal of flow of the cerebrospinal fluid 
and the absorption of the accumu- 
lated intraventricular fluid into the 
choroid plexuses and elsewhere (p. 128). 

Concentrated human serum (contain- 
ing, e.g, 30% of protein) may also 
be used clinically.^ The resulting rise 
of plasma protein osmotic pressure 
(p. 15) leads to withdrawal of cere- 
brospinal fluid into the blood vessels, 
producing a fall of intracranial pres- 
sure which may last for 18-24: hours ; 
the crystalloids of the concentrated 
plasma also produce their characteristic 
effect for the first few hours after 
injection. 

Loculation Syndrome. — The 
spinal subarachnoid space may be 
obstructed by injecting paraffin wax. 

Eemarkable changes occur in the fluid 
below the level of the block ; the protein content is greatly increased and the 
colour is now yellow. The exact cause of these changes is not known. P ossibly 
the spinal veins which run longitudinally upwards are compressed ; the 
venous and capillary blood pressures rise, and consequently blood corpuscles 
1 Hughes, Mudd and Strecker, Arch, Neurol, Psychiai,, 1938, 99, 1276. 



Fig. 72. — ^Effect of Raised Jugular 
Venous Pressure on Lumbar Cerebro- 
spinal Fluid Pressure in Normal Sub- 
ject and in Patient with Partial 
Spinal Block. (Turner and Byrne, 
Yah J, Biol Med,, 1940, 12, 739). 

Upper record. Normal. A blood pressure cufif is 
fixed round the neck and the hag is inflated 
to pressures of 20 mm. Hg (A), 40 mm. 
Hg (B), 60 mm. Hg (C) at the beginning of 
the record (point O on abscissa), xn^tained 
for 10 sec. and then released. Note the rise 
in c.s.f. pressure in each case to about the level 
of the occlusion pressure. On releasing the 
cuff pressure the c.s.f. pressure rapidly fells. 

Lower record. Case with partial spinal block. 
The initial c.s,f, pressure is lower. Occluding 
the jugular vein for 10 sec. (between the 
arrows) produces a mitch smaUer rise of c.sJf. 
pressure. 
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and plasma containing much protein exude. The haemoglobin disintegrates 
and gives rise to a yellow pigment and the carotene of plasma also contributes 
to the colour. Clinically, chronic meningitis or tumours of the cord and its 
envelopes produce identical changes in the cerebrospinal fluid — the Froin or 
loculation syndrome. The protein is increased to 0*5 or 1%, or even up to 4% ; 
albumin and globulin are present in the same proportions as in blood ; the 
fluid coagulates spontaneously, owing to the presence of ^ fibrinogen ; the 
yellow coloration is termed xanthochromia. The cell count is normal, except 
in syphilitic cases. The only essential feature of the syndrome is the 
raised protein content above 0-5%. (In inflammatory lesions of the meninges 
the increased permeability of the blood vessels also permits the exudation of 
a fluid rich in protein.) 

When the spinal subarachnoid space is blocked, compression of the 
internal jugular veins in the neck raises the cerebrospinal fluid pressure 
above the level of the block to the normal extent ; below the level of the 
block the pressure of the fluid is raised very little or not at all (Fig. 72, lower 
record). 

Lumbar Puncture. — This is carried out by introducing a needle into the 
subarachnoid space below the termination of the spinal cord, usually between 
the spines of the fourth and fifth lumbar vertebrae. 

Indications : 

(1) For diagnostic purposes. 

(2) To relieve raised intracranial pressure, e.g. in meningitis or uraemia. 

(3) For the introduction of therapeutic agents. 

(4) To produce spinal anaesthesia. 

Use oe Lipiodol. — ^Lipiodol is a very heavy liquid, opaque to X-rays, 
which can be injected into the cistema magna. Normally it drops by reason 
of its weight to the bottom of the spinal theca. If the subarachnoid space is 
obstructed by tumour or by adhesions, the lipiodol is held up at that point 
and its position can be demonstrated by X-rays. 

Pathology of Cerebrospinal Fluid. — The significance of certain changes 
in the composition of the cerebrospinal fluid will now be considered. 

Protein. — The amount of protein is estimated by boiling with trichlor- 
acetic acid and comparing the turbidity produced with that of fluids containing 
known concentrations of protein. 

If globulin is present in excessive amounts, the Nonne-Ajpelt reaction is 
obtained. On adding 1 c.c. of cerebrospinal fluid to 1 c.c. of saturated 
ammonium sulphate solution a grey ring of precipitate appears at the junction 
of the two fluids. 

The amount of protein is increased in all meningeal affections and is the 
expression of increased permeability of the inflamed blood vessels. A positive 
test for globulin when the total protein is 0*1% or less is strongly suggestive 
of a syphilitic affection. 

Cells. — ^An increase in the number of cells in the fluid is suggestive of 
inflammation. 

(i) Lymphocytosis usually occurs in acute infections, particularly in 
tubercular meningitis, lethargic encephalitis, acute anterior poliomyelitis 
(except in the pre-paralytic stage), and in all syphilitic affections of the nervous 
system. In the last group the number of lymphocytes depends on the degree 



PATHOLOGY OF CEREBROSPINAL FLUID 131 


of meningeal involvement, and the number of cells may vary between 10 and 
500 per c.mm. 

(ii) Leucocytosis (polymorphonuclear) occurs in all pyogenic infections, e.g, 
meningococcal or pneumococcal, and some cases of tubercular meningitis. 
Large mononuclear cells appear in cases of tumours invading the meninges. 

Glucose and Urea follow the level ,of these substances in the blood. 
The glucose concentration is high in diabetes, and the urea level is usually 
raised in ursemia. 

The general changes in the cerebrospinal fluid in meningitis are : increased 
pressure, increased cell count, increased protein concentration, and decreased 
concentration of glucose and chloride. Acute jpurulent meningitis is mainly 
due to meningococcus, pneumococcus, streptococcus, and staphylococcus ; 
the cells are mainly polymorphs. In tubercular meningitis the fluid changes 
are generally less marked ; the predominant cell is the lymphocyte. 

The following Tables (after Symonds) show the changes in the cerebro- 
spinal fluid in some important conditions : 



Normal Cerebro- 
Spinal Fluid. 

Acute Purulent 
Meningitis. 

Tubercular Meningitis. 

Colour 

Clear and colour- 

Turbid or purulent. 

Clear, thread-like coagu- 


less. 

Clot on standing. 

lum on standing. 

Protein . 

Average, 0*02%. 

Increased to 0*1- 

Increased to 0‘06^*3%. 


0-5%. 

Sugar 

0-08%. 

Diminished or absent. 

Diminished, but not con- 


stantly. 

or (expressed 
as NaCl) 

0-77%. 

Reduced to 0*65 or 

Reduced, often below 

0*6%. 

0‘6%. 

Cells per c.mm. 

1-5 lymphocytes 

Increased. 1000- 

Increased. 50-500. Usu- 

per c.mm. 

10,000 of poly- 
morphs. 

ally 75% lymphocytes. 


Pressure in mm. 

100-200. 

Increased. 200-500 

Increased. 

water in lateral 


or more. 


recumbent 


Causative organism 

Tubercle bacilli may be 

position. 


present. 

present. 



General 

Paralysis. 

Tabes. 

Meningo- V ascular 
Syphilis. 

Protein . 

0-05-0'l%. Globulin 
reaction +. 

0*03-0*08%. Globulin 
reaction +. 

0-03-0-08%. GlobuUn 
reaction +. 

Cells . . . 

Wassermann 
reaction — 

Up to 400 per c.mm. 
All lymphocytes. 

10-80 per c.mm. or 
more. All lymphocytes. 

10-80 per c.mm. All 
lymphocytes. 

Blood . 

f Early, 75% 

\Late, 100% +•/ 

70% +. 

80% +. 

Cerebrospinal \ 
fluid . / 

Benzoin curve. 

All stages, 99% +• 

70% +. 

50% +. 

Paretic. 

Luetic. 

Luetic. 


Colloidal Benzoin Reaction. — Normal cerebrospinal fluid in any 
dilution added to a colloidal benzoin solution has no effect. In syphilis of 
the nervous system, incomplete flocculation (recorded as 1) or complete 
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THE BLOOD ^ 


The blood consists of plasma and corpuscles (red cells, white cells, and 
platelets). The following aspects of the physiology of the blood have already 
been discussed : 

(i) Composition of plasma and red cells (pp. 5, 7). 

(ii) Interchanges between plasma and interstitial fluid (p. 17 ). 

(iii) Total blood volume, plasma volume, red cell volume : their deter- 

mination (p. 9) and regulation (p. 80) in health and disease ; 
hsematocrit value (p. 10). 

(iv) ion concentration of the blood in health and disease (p. 87). 

(v) Kole of the kidney in the regulation of the composition and volume 

of the plasma (p. 21). 

Other aspects of the physiology of the blood are dealt with below. 


THE PLASMA PROTEINS ^ 

The total plasma protein concentration is 6*4~-8*5 g. per 100 c.c. Two 
principal groups of plasma proteins are conventionally recognized : serum 
albumin and serum globulin. The globulin fraction can be further sub- 
divided into a-, and y- globulin and fibrinogen. A number of proteins with 
specific physiological functions have been partially isolated from the 
globulin fraction by such methods as electrophoresis. Among these proteins 
are prothrombin, plasma thromboplastin, isohsemagglutinins, hypertensin- 
ogen, immune globulins, and anterior pituitary hormones. 

Properties of Proteins. — Only those properties which need be known 
to understand the methods of separating the proteins of the plasma, and 
their 'physiological properties, will be considered here. 

(1) Peecipitation by Salts. — ^Different proteins are precipitated from 
solution by addition of different concentrations of salts. Thus albumin 
is precipitated by saturation with (NH 4 ) 2 S 04 , globulin by half-saturation 
with (NH 4 ) 2 S 04 . This method of separation gives a normal serum albumin/ 
globulin ratio of 1*7 {e.g. albumin 4*5, globulin 2*7 g-%). 

(2) Sedimentation in Ultracentripuge. — The different proteins 
sediment at different rates when solutions of them are spun at very high 
speeds in the Svedberg ultracentrifuge : separation can thus be effected. 

^ See Whitby and Britton, Diseases of Blood, 6th edn., London, 1950. Wintrobe, 
Clinical HoBmalology, Phila., 2nd edn., 1946. Downey, Handbook of Hcematology, N.Y., 
1938 (4 vols.). 

2 Marrack and Hoeh, J, din. Path,, 1949, 2, 161. Cohn and eoworkers, J. din, Investig., 
1944, 23, 417 and 21 succeeding papers ; Cohn, Blood, 1946, 1, 3. Gutman (Plasma 
Proteins in Disease), Advan/ces in Protein Chemistry, 1948, 4, 155, 
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(3) Isoelectric Point. — Proteins can behave either as bases or as acids 
owing to the fact that their constituent amino-acids (p. 876) contain both 
basic amino {i.e. NHg) groupings and acidic carboxyl {i.e. COOH) groupings. 

NH> 


A protein can be diagrammatically represented thus : COOH/^- an 


alkaline solution a protein behaves as an acid (by virtue of its COOH groups) 
and forms a salt (NH 2 — R—COONa) ; in an acid solution it behaves as a 
base (by virtue of its NHg groups) combining with acids, e.g. HCl, to form 
NHaCl-R-COOH. 

In solution a protein ionizes slightly. In alkaline solution the reaction 
can be represented thus : 


/NH2 
R ^ 

\COONa 


/NH2 

=R +Na+ 
\COO' 


i.e. the protein ion is negatively charged (it is an anion). 
In acid solution the reaction is : 


/NH3CI /NH3+ 

R — - ^R +C1' 

\COOH \COOH 

i.e. the protein ion is positively charged (it is a cation). 

At a certain (specific for each protein) a protein behaves neither as 
an acid nor as a base ; it is un-ionized and does not move in an electric field. 
This pH is called the isoelectric point ; at the isoelectric point the solubility 
of the protein is at its minimum and it tends to precipitate out. The . iso- 
electric point of serum albumin is 4-7, that of the serum globulins is 
diH 5*4r-7»0. 

(4) Bupeer Action. — As the of plasma is 7*4, i.e. well to the alkaline 

side of the isoelectric point of the plasma proteins, the latter behave as acids 
and are bound with base (almost entirely Na+). Such molecules as are ionized 
give rise to protein anions. The reaction can be represented thus : 

NaPr^Na++Pr'. 


The amount of base (Na+) which is combined with the 70 g. of protein in one 
litre of plasma is 16 miUiequivalents (cf. p. 12) (t.e. 16x0*023=0*4 g. of 
Na+ per litre). 

The base (B) which is combined with the plasma proteins can be attacked 
by HgCOg to form BHCO 3 (actually NaHC 03 ) 5 reaction helps to preserve 
the reaction of the plasma and aids in the carriage of COg. The plasma 
proteins are thus buffer substances (p. 91). Direct observation shows, 
however, that at the pH of the blood (which is far removed from their iso- 
electric point) the plasma proteins retain a firm hold on their base and so 
actually play little part either as buffers or as aids to CO 2 carriage ; they 
are probably responsible for less than one-tenth of the total buffer action of 
blood. 

(5) Molecular Weight. — The molecular weight of serum albumin is 
69,000, that of y-globulin 156,000 and that of fibrinogen about 500,000; 
these molecular weights are related to molecular size. Larger molecides 
pass less readily than smaller molecules through the capillary wall. The 
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normal capillary endothelium is almost impermeable to all the plasma 
proteins ; but when its permeability is increased {e.g. in disease), albumin 
(having the smallest molecular weight) is the first protein to pass through. 

(6) Osmotic Pressure. — See p. 15. 

(7) Molecular Shape and Dimensions. — Expressed in Angstrom 
units (A.U.) (A.U.=10“® cm.) the dimensions are : 

albumin, 150x38 A.U. ; 
y-globulin, 320x36 A.U. ; 
fibrinogen, 900x33 A.U. ; 

(cf. Na+, l*9xl*9; Cr, 3*6x3*6; glucose, 9’5x6*5 A.U.). The shape 
of the molecule determines the viscosity of its solutions (infra). 

(8) Viscosity. — The resistance to the flow of fluid (at constant velocity) 
through a capillary (of constant bore) depends almost entirely on the viscosity 
of the fluid. The viscosity of the blood is thus a factor in mamtaiaing the 
peripheral resistance and thereby, the arterial blood pressure (p. 303). The 
viscosity of a protein solution depends far more on the shajpe of the protein 
molecule than on its size ; the less symmetrical the molecule the greater is 
its viscosity. For this reason the following solutions have equal viscosities : 
25% albumin, 15% y-globuhn, 2% fibrinogen ; each of these solutions has 
a viscosity equal to that of twice concentrated plasma (i.e, a plasma with 
15 g. of “ mixed ” proteins per 100 c.c.). Surprisingly enough the viscosity 
of whole blood (i.e. plasma plus suspended corpuscles) is also only that of 
twice concentrated plasma ; this means that the corpuscles and the plasma 
contribute equally to the total viscosity of the blood. 

(9) Electrophoretic Mobility. — ^As already explained, in acid solution 
proteins form cations and in alkaline solutions they form anions. If the 
force of an external electrical field is applied to protein molecules dissolved 
in a suitable solvent, they are caused to move ; in acid solutions the protein 
ion (being positively charged) moves towards the cathode ; in ‘alkaline 
solutions the protein ion (being negatively charged) moves towards the 
anode. The rate of movement or mobility (g) is expressed in cm. per sec. 
when the protein is in an electrical field of one volt per cm. The mobility 
varies with the protein (also with 'pR, viscosity of the solvent, and the 
nature and concentration of the dissolved salts). Each protein moves with 
a characteristic mobility ; therefore when a solution of mixed proteins (in 
a tube) is placed in an electrical field with the electrical poles at the ends, 
the contained proteins gradually separate out like the runners in a long 
race who, having started together in a row, end up at the winning post as 
a long string. The greater the difference in mobility between the molecules, 
the more complete is the separation which can be effected by this method. 
Using a suitable technique the proteins can be photographed as they are 

strung out ” along the tube giving the kind of picture shown in Fig. 73 ; 
these pictures are called electrophoretic patterns or diagrams. The area under 
each peak is a measure of the concentration of the particular com- 
ponent. The principal peaks (in descending order of mobility) are albumin 
(highest mobility) ; a^-, Og-globulin; jJ-globuHn; fibrinogen; y-globulin (lowest 
mobility). 

The concentrations of the protein fractions thus separated out (expressed 
as percentages of the total plasma protein content) are i albumin 55% ; a-globulin 
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Oi+ag) 13% ; /5-globulm 14% ; fibrinogen 7% and ^globulin 11%. Tbe 
albumin/ globulin ratio obtained by electrophoretic analysis is thus 55/45= 1*2 
an average result which is two-thirds that obtained by classical chemical 
fractionation, ix. 1*2 compared with 1*7 (pp. 15, 133). 



Fig. 73. — ^Electrophoretic Diagram of Normal Human 
Plasma. (Colm et aL, J. din, Investig,, 1944, 23, 420.) 

The area of 6ach deflection is proportional to the concentration of 
the individual protein in the plasma. (Of. Fig. 550) 


Six^ main functional protein fractions have been obtained by electro- 
phoresis of plasma ; their components are shown below. 

, Fraction 

I. Fibrinogen (-f-the globulin called plasma thromboplastin 
which promotes clotting in haemophiliacs ) 
mainlT globulins (=y-globulin). 

/S and y i Isohcemagglutininn (=^-, y-globulins). 

globulins Prothrombin, fibrinolysin, plasma thromboplastin (=a- 

I y-globuims). 

.^-globulins, hypertensinogen, alkaline phosphatase 
V. Albumm. ^ 

VI. ProteiM in mother liquor (albumin and a-globuHn) ; also 
folhcle-stimulating hormone of anterior pituitary. 

Many of the protei^ nientioned above have been isolated in a high 
egree of pimty, e.g. albumin (in a form suitable for intravenous injection 
ohmoally) ; isohmn^gluhmns (in 16 times the concentration found in pooled 
plasma) ; mmMne flrloftMlrws (active against diphtheria, influenza virus measles 
mumps, typhoid baciUus) mth 15-30 the immune potelTrf Sd 
pla^a ; protems concerned in blood clotting (p. 139). ^ P 

Plasma Proteins.i— This is best studied in the 
standwrd flasma-depUted dog, as descnbed by Whipple. Whole blood is 

I942,*wf477?“'^ Amr. J. med, Sci., 
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withdrawn and the corpuscles reinjected suspended in Ringer-Looke’s solu- 
tion {i.e. a protein-free fluid) ; the procedure is known as plasmapheresis 
plasma slamming ”), and if repeated daily leads to a progressive dinunution 
in the concentration of plasma protein, as the rate of protein withdrawal 
exceeds the rate of regeneration. Depletion is continued for some weeks 
after the plasma protein concentration has fallen to i%, in order to exhaust 
the protein reserves. Thereafter, on a standard diet, the rate of plasma 
protein formation is constant. 

The results show, as might be expected, that plasma proteins are normally 
formed from food proteins, but that in protein starvation they may be formed 
from tissue protein. The eiB&cacy of a food protein depends on the d egree olits 
chendca]^ ws^m^jnc^m' pa^eriT to^tne^^S^a pfol^ which 

it is" g^ing^o form ; very naturally plasma proteins are the most e£B.cient 
raw "mat^ffiT^* Plasma proteins can also be satisfactorily synthesized from 
amino-acids if the ten essential ones are present, i.e, arginine, valine, histidine, 
isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophane. 
(Speciflc experiments have shown that methionine is essential for long-con- 
tinued plasma protein formation and also for adequate body nutrition ; 
cystine can' be substituted for short periods only) (cf. p. 881). As albumin 
and globulin have quite distinct amino-acid patterns, s ome protg iiis {e,g. 
th ose from m uscle and viscera) favour albumin formation , while pt^rs 


(e^, plant an3‘"ff^m pfbt'^^fivom''gIobuImf^ma^^ The presence of 

^w/ecTw^depfSS§ei^pw^^ 

Origin of Plasma Proteins. — Serum albumin and the proteins con- 
cerned in blood dotting (fibrinogen, prothrombin) are probably formed 
exclusively by the liver. In disease of the liver (e,g, acute hepatitis, cirrhosis 
(Figs. 544 and 549)) the concentration of these constituents in the plasma 
falls markedly. Experiments with ‘‘ labelled ” plasma proteins suggest that 
they are completely destroyed and replaced every two weeks (p. 879). 

The serum globulins are probably formed widely in the body, perhaps by 
the reticulo-endothelial system and the lymphoid nodules (p. 219) ; as the 
immune bodies are an important constituent of the senim globulin fraction, 
globulin formation is concerned with resistance to infections. Thus after three 
successive injections of typhoid vaccine the serum globulin rose from 2% 
ultimately reaching a level of 4% ; (the fibrinogen level also rose (cf. p. 173)). 
The immune bodies are mainly in the y-globulin fraction. 

When the liver cells are extensively damaged the serum globulin fraction| 
frequently rises, especially the y-globulin, although the serum albumin falls ; 
the consequent abnormal plasma protein pattern is probably responsible for 
the fiocculation tests of liver function (p. 832). ^ 

After hcBmorrhage, fibrinogen, serum globulin,^ and serum^ albumin are 
regenerated in that order, complete restoration being effected in a few days 

In nephrosis (p. 75) serum albumin may be lost in the ume at the rai^ 
of 25 g. daily for several months before its concentration in the plasma is 


1 During fasting only 2-8 g. of plasma protein are formed weekly from tissue con- 
stituents. If whole plasma (fresh or dried) is given by mouth, every 3 g. of ingested protein 
produces 1 g. of new plasma protein ; the potency ratio is thus 3 : 1. The proteins of 
grains, potato, kidney, or liver have a potency of 5:1; red cells, heart, or spleen, 
10 : 1 . 
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finally lowsrsd — fiirtli6r evid6no6 tliat tli6 body can form this substance 
when necessary on a large scale. 

In infancy, low total plasma protein concentrations are found {e.g. 5-1- 
5-5%) owing to the low albumin content. Albumin and globulin decrease in 
the first 6 months of pregnancy, but the fibrinogen increases. 

The relationship between plasma proteins and tissue proteins is probably 
an intimate one. Whipple suggests that the proteins of the cells can be 
divided into three categories : (i) fixed cell protein which is indispensable for 
cell life or activity ; (ii) dispensable reserve protein which can be called upon 
for energy and other purposes in starvation ; (iii) labile reserve protein which 
can be readily turned out into the blood stream to maintain the plasma 
protein concentration. In haemorrhage or in protein starvation such outflow 
from the tissues into the plasma takes place. If plasma proteins are given 
intravenously they can supply all the tissue needs for protein, and food 
protein can be temporarily dispensed with ; this observation suggests that 
plasma protein can be readily incorporated into the tissues. Proteins taken 
by mouth after hydrolysis in the intestine are, of course, readily built up into 
plasma or tissue protein. One must conceive of rapid interchanges between 
the proteins in the liver, plasma, and the tissues generally. 

Functions of Plasma Proteins. — (1) Proteins concerned with blood 
Clotting, — (i) Fibrinogen. — (a) The average fibrinogen content of plasma 
is 250 mg. per 100 c.c. (range 190-330 mg-%). When blood is shed, fibrinogen 
is converted into fibrin by the newly formed thrombin (p. 140). The fibrinogen 
level is not influenced by fasting or by the protein content of the diet, so it 
obviously has a ‘‘ priority ” claim on the tissue protein reserves. 

(1) Plasma fibrinogen is raised in many acute infectious diseases ^ ; this 
response is not specific ; it occurs equally markedly in many other conditions, 
and is not due to the associated pyrexia. Thus pyrexia produced by altered 
environmental conditions does not affect fibrinogen concentration ; intra- 
venous injection of typhoid vaccine, on the other hand, produces pyrexia which 
is accompanied by a marked sustained increase in fibrinogen. Plasma 
fibrinogen may be raised in infectious diseases in the absence of fever or of 
leucocytosis. Failure of the plasma fibrinogen to rise is generally of bad 
prognostic significance and may indicate impaired liver function.^ 

(c) Plasma fibrinogen level is one of the important factors which deter- 
mine the sedimentation rate of the red corpuscles (p. 172). 

(ii) Other Proteins Concerned in Blood Clotting. — The role of prothrombin, 
thrombin and plasma thromboplastin is discussed on pp. 139 et seq. 

(2) Proteins Concerned with Maintaining Plasma Colloid Osmotic 
Pressure. — See p. 15. 

(3) Miscellaneous Proteins.— The role of some of the other plasma 
proteins that have been isolated (p. 133) are considered in the following 
places : hypertensinogen (p. 349) ; alkaline phosphatase (p. 1002) ; anterior 
pituitary hormones (p. 930). 

(4) Carriage by Plasma Proteins oe other Plasma Constituents. — 
(i) Albumin adsorbs a number of substances, e.g. injected phenol sulphone- 
phthalein, Evans’ blue dye (used in plasma volume determinations (p. 9)), 
sulphanilamide and blood-thyroxine (p. 976). 

1 Ham and Curtis, Medicine, 1938, 17, 413. 

® Plasma fibrinogen is also increased after trauma (p. 149). 



BLOOD COAGULATION 


139 


(ii) An a-globulin absorbs Inlirvhin, the resulting compound being respon- 
sible for tbe indirect Van den Bergb reaction (p. 188). A jS^-globulin com- 
bines with iron (p. 208) and other metals. The globulins also combine with 
cholesterol, phospholipids, vitamin-A, and steroid hormones. 


COAGULATION OF BLOOD.^ VITAMIN-Z. HJIMOSTASIS. 

H JIMOEKHAGIC STATES ^ 

Blood Coagulation. — The essential reaction in coagulation of the blood 
is the conversion of the soluble protein fibrinogen into the insoluble protein 
fibrin by means of an enzyme thrombin. Fibrinogen exists in the circulating 
blood as such ; thrombin does not, but is formed &om an inactive circulating 
precursor prothrombin when the blood is shed. The activation of prothrombin 
depends on the presence of Ca++ ions and of certain organic activators of 
obscure composition labelled thromboplastins which are derived from damaged 
tissues and disintegrating platelets and from the plasma itself. The formation 
of prothrombin (in the liver) depends on the absorption from the bowel of 
adequate amounts of vitamin-Z. It should be remembered that clotting of 
blood is not the only reaction responsible for arrest of haemorrhage (JuBmo- 
stasis),^ Haemostasis also depends on certain reactions of the injured vessels. 

It is essential that the blood should normally be kept fluid while circulating 
in the blood vessels, though clotting when shed. The fluidity of the blood in 
the body depends (a) on the special physical properties of the intact vascular 
endothelium, (6) on the flow of the blood (^.6. on its not stagnating in any 
part of the vascular bed), and (c) the presence in the blood of a natural anti- 
coagulant agent, heparin. Clinical states of excessive bleeding {hcBnwrrhagic 
states) may be due to (i) impaired coagulability of the blood due to some 
abnormality in the complex physico-chemical system concerned in clotting, 
or (ii) alterations in the vessel walls preventing them contracting down after 
local injury. Abnormal coagulation of the blood within the blood vessels 
(intravascular throTnhosis) is generally due to alterations in the vascular endo- 
thelium combined with slowing down of the rate of flow ; it is rarely the 
result of a primary alteration in the blood clotting mechamsm. 

It is easy to give a simple account of the processes involved in blood 
clotting as outlined above, thus : 

/Damaged Tissues 

Prothrombin+Ca+++Thromboplastins<-Blood Platelets 
(inactive) 1 » 1 \Plasma 

Thrombin + Fibrmogen 
(active enzyme) 1 J 

Fibrin. 


1 Macfarlane, J. cXin. 1948, i, 113. -m • i j 

® Quick, Hcemorrhagic Diseases and Soemostasis, Springfield, 1942 ; Fhystology arui 
Pathology of Hcemostasis, 1951. Astrup, Advances in Enayimlogy, 1950, 2^. 1. 

® Not to be confused with homeostasist a word coined by Cannon to si^ify maiutenanoc 
9f the constancy of the mternal environmeut; 
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Circulating heparin, which acts as an antithrombin, is neutralized by the 
newly formed tlmomboplastin. 

This simple scheme, which is so easy to remember, accounts for most of 
the main facts of blood coagulation but does not account for all. Any 
attempt to account for all the facts reveals the coagulation process as it 
really is, namely as an elaborate series of physico-chemical reactions involving 
some of the proteins and certain other of the constituents of a complex 
colloidal system, namely the plasma. 

R61e of Calcium. — Ionic calcium is essential for clotting. Clotting is 
prevented (i) by addition of K oxalate which gives rise to a precipitate of 
insoluble Ca oxalate, or (ii) by addition of Na citrate which forms a soluble 
compound, Na calcio-citrate ; but as the calcium is bound with the citrate 
radical it is no longer in the ionic form. For special purposes sodium fluoride 
is added to prevent clotting since it has the additional property of inhibiting 
blood enzymes. Decalcified blood or plasma will clot on addition of adequate 
amounts of a soluble ionizable calcium salt, e.g, CaCl 2 . The normal serum 
Ca level (10 mg. total, 5 mg. ionized per 100 c.c.) is more than adequate for 
optimal speed of blood coagulation. In hypercalcsemia due to parathyroid 
excess (p. 1006) intravascular clotting may occur just before death. Ca++ ions 
are necessary for the activation of prothrombin but not for the action of 
thrombin on fibrinogen.^ 

Fibrinogen is a protein with a long thin thread-like molecule (dimensions, 
900x33 A.U.) ; its molecular weight is nearly 450,000 ; its isoelectric point 
is pB. 5*5 ; and as is the rule with proteins, it is readily precipitated at this 
pH after reducing the electrolyte content of plasma by preliminary dialysis 
or dilution with distilled water. It is precipitated by heating to 47° C. It 
is probably formed in the liver ; exclusion of the liver leads to a rapid fall 
in plasma fibrinogen concentration, indicating that it is rapidly utilized, 
though where or for what purpose is unknown. Fibrinogen is converted by 
thrombin into fibrin. Cases have been recorded in which the blood was in- 
coagiflable owing to the complete congenital absence of fibrinogen.^ 

Fibrin. — In clotting blood, fibrin is laid down as a network of fine threads 
which entangle the formed elements of the blood, principally the red cells. 
The freshly formed threads are extremely adhesive, sticking to each other, 
to the blood cells, to the tissues, and to certain foreign surfaces ; this 
adhesiveness makes the clot an effective haemostatic agent. Freshly shed 
blood sets in a soft jelly-like mass ; gradually this clot contracts down 
{retracts) to about 40% of its original volume squeezing out serum ® ; plasma 
clots can contract down to as little as 10% of their original volume. The 
final clot is tougher and more sohd and elastic and is presumably a more 
efficient bung to damaged vessels. Clot retraction is impaired if the platelets 
have been artificially removed or in disease conditions with a low platelet 
count, although the speed of clotting is not prolonged (p. 159) ; it is not 
known how the platelets promote clot retraction. Clots formed in the tissues 

^ OzalcUe plasma is prepared as follows. Blood withdrawn from a blood vessel into 
a receptacle containing potassium oxalate (to a final concentration of 0*1%) is centrifuged 
and the supernatant plasma (oxalate plasma) is removed. 

2 Brunty, Brit. J. exp. Path., 1946, 27, 200. 

® essential difference between plasma and serum is that plasma contains fibrinogen 
and^ is coagulable while serum (having been squeezed out from the clot) contains no 
fibrinogen and is not coagulable. 
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have ultimately to be disposed of as healing takes place ; the dissolution of 
the clot — -fibrinolysis — is due to the action of proteolytic enzymes in the 
plasma which become activated. 

Thrombin. — The properties of this substance will be considered here ; 
its mode of formation in shed blood is discussed below (p. 142). The most 
purified specimens of thrombin are very potent and can coagulate at least 
600 times their weight of fibrinogen. Thrombin is an albumin, with a 
molecular weight of 75,000 ; it contains no P or Ca ; its properties are those 
of an enzyme. The velocity of the thrombin-fibrinogen reaction is accelerated 
by increased concentration of thrombin (Fig. 74). The reaction proceeds 
slowly at low temperature, accelerates with rising temperature to an optimum 



THROMBIN UNITS 

Fig. 74. — Relationship of Concentration 
of Thrombin to Clotting Time of 
Oxalated Plasma (A) and a Fibrin- 
ogen Solution (B). (MoFarlane, J. 
din. Path., 1948, 2, 126.) 



TEMPERATURE “C 

Fig. 75. — ^Effect of Temperature on 
Coagulation Time of Normal Whole 
Blood. (Macfarlane, J. din. Path., 
1948, 2, 126.) 


at 40° C. and then declines ; thrombin is destroyed by heating to 60° C. 
(Fig. 75). 

Exactly what thrombin does to fibrinogen to make its molecule insoluble 
in water is imknown ; presumably it alters its molecular configuration. 
Thrombin has been thought to be a proteolytic enzyme but this is uncertain. 
It must be emphasized that thrombin can act in the complete absence of 
'Ca++ ions, i.e. it clots oxalated plasma ; Ca++ ions thus play their part in 
the earlier stages of the coagulation process.^ 

Prothrombin. — This inactive precursor of thrombin is a globulin which 
is present in the circulating blood in a concentration of about 40 mg. per 

^ Intravascular Injection of Thromhin . — ^If large amounts of thrombin are injected 
intravenously {e.g. 3 mg. into a 2 kg. rabbit), death occurs within a few minutes from 
extensive intravascular clotting, especially in the ^eat veins and heart. No immunity 
against thrombin c a n be produced by repeated injections of minimal amounts of thrombin. 
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100 c.c. of plasma. It is precipitated at pH 5-6 and destroyed by heating at 

60° a 

Prothrombin is formed in the liver ; its concentration in the plasma falls 
rapidly after hepatectomy. Its formation depends on an adequate supply 
and satisfactory absorption of vitamin-K (p. 151). In new-born babies 
the plasma prothrombin is considerably lower than in older ' children 
(p. 153). 

Inception of Blood Clotting.— Thromboplastins.— The following 
observations are relevant to a consideration of this question ; 

(i) Blood carefully withdrawn from a blood vessel without contamination 
with tissue fluid does not clot if kept in a container with a surface which 
is not wateT’Wettable^ e.g, paraffin-lined or made of a plastic like silicone. 
The addition to such a blood of a watery extract of almost any tissue 
(especially brain, lung, testis, jplatelets) promotes rapid clotting. Thus 
circulating prothrombin in the presence of Ca++ ions remains inactive ; it is 
activated by the complex materials which are present in tissue extracts and 
are called thromboplastins {i.e, “ clot promoters ”). 

(ii) Blood collected as above (i.e. free from tissue fluid) but brought in 
contact with a water-wettable surface, rapidly clots. The greater the surface 
of contact, the greater is the rate of clotting. It is presumed that thrombo- 
plastins are liberated by contact with such a surface : (a) from the platelets 
which rapidly disintegrate in such circumstances, and (6) from an inactive 
precursor in the plasma (a view supported by observations on hsemophiliao 
blood (p. 150)). 

(iii) When bleeding occurs following an injury, thromboplastins are 
liberated from all the sources enumerated above, namely damaged tissues, 
disiategrating platelets, and altered plasma. 

(iv) Natuee op Theomboplastins. — This question is unsettled ; prob- 
ably natural thromboplastin is an enzyme protein combined with a hpide 
(resembling cephalin) which activates the enzyme. Aqueous extracts of tissues 
contain the protein fraction ; ether extracts the lipide fraction ; the separated 
fractions are less effective than the entire complex. A very potent thrombo- 
plastin has been extracted from the venom of EusseU’s viper ; added to 
plasma (even hsemophiliac plasma) it produces rapid clotting ; but it does 
not clot plasma from which the lipide has been removed. The venom thus 
resembles the protein (enzyme) component of natural thromboplastin in 
needing the presence of an activator (lipide) for its effective action. Tissue 
extracts yield the whole active lipo-protein ; platelets may yield the lipide 
factor. In shed plasma the protein-enzyme is probably liberated from an 
inert precursor and is then suitably activated by the natural hpides of the 
plasma.^ 

(v) Mode oe Action oe Thbomboplastin. — In the presence of Ca"*^ and 
thromboplastin, prothrombin is activated to thrombin. As the thrombin 
molecule is smaller than that of prothombin and also contains no P or Ca, 
there is no question of the reaction being a simple additive one. The enzyme 
component of thromboplastin is believed to split off part of the prothrombin 
molecule thus converting it into active thrombin. [Other proteolytic 

^ It has been suggested that there is a plasma fraction {thrombocgtolysin) which destroys 
(lyses) platelets thereby liberating their contained lipoid clotting factor. This factor is 
defident in haemophilia. 
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enzymes — e.g. crystalline trypsin — produce coagulation in the same way ; 
and, as might be expected, agents which inhibit proteolysis inhibit blood 
coagulation.] 

In addition thromboplastin neutralizes the circulating heparin — which is 
an antithrombin — permitting the newly formed thrombin to act. 

Thrombin is probably formed in small quantities naturally in the circu- 
lating blood. It is immediately antagonized by heparin; in addition it 
combines with and is inactivated more gradually by an albumin fraction, 
consequently called antithrombin.^ 

Simple Coagulation Time. — This is most easily measured by finding the 
time taken for blood (collected by venepuncture or capillary puncture) to 
clot in fine capillary tubes ; the absolute values are of little interest, but 
comparative values for normal blood and the blood under investigation are 
most useful. Prolongation of simple coagulation time is evidence of gross 
impairment of blood coagulability. Such studies show that most of the 
coagulation factors are present in considerable excess for the conditions used 
in the measurement ; thus coagulation time is unaltered until (i) fibrinogen 
is almost completely absent, (ii) prothrombin is reduced to less than 10% of 
normal or (iii) total serum Ca is reduced below the level at which tetany 
occurs (5 mg. per 100 c.c.) ; in other words the dominant factor normally 
controlling the clotting time of whole blood is the concentration of thromboplastin. 

Clinical Estimation of Prothrombin. — The principle employed is as 
follows ; Oxalate plasma is prepared ; more than enough ionized Ca salt 
and thromboplastin {i,e, brain or lung extract) are added to pmduce 
optimum conditions for the activation of the prothrombin to thrombin. It 
is assumed that the concentration of fibrinogen and of all other accessory 
factors is normal. The rate of clotting induced in these circumstances depends 
on the amount of thrombin formed and therefore on the initial prothrombin 
concentration. The time of clotting so produced is called the accelerated 
clotting time or the (Quick) prothrombin time (after Quick, whose technique is 
commonly used) ; a prolonged clotting time means a lowered prothrombin 
concentration. Curves have been constructed (Pig. 76) showing the relation- 
ship between prothrombin time and the prothrombin concentration (as a 
percentage of the normal) ; a prothrombin percentage of 100 represents the 
normal concentration in plasma. In Pig. 76 100% corresponds to a clotting 
time of 25 seconds. The actual normal clotting time obtained varies with 
each sample of brain extract and with some samples may be as low as 12 
seconds. Pathological samples should therefore always be compared with 
normal controls. It should be noted that the prothrombin may fall to nearly 

1 Anticoagulants . — Coagulation may be prevented or delayed as follows : 

(1) Prevent the blood from coming into contact with a water- wettable surface {e.g. 
collect in a paraflin-coated vessel), or rapidly cool blood to 0° C. These measures prevent 
the platelets and corpuscles j&:om disintegrating, and so delay the formation of thrombo- 
plastic substances (p. 142). 

(2) Remove fi’ee calcium ions from the solution (p. 140). 

(3) Addition of neutral salts, e.g. half saturated ^3804. This dilutes the blood and 
apparently impedes the interaction of the various substances concerned in clotting. 

(4) Use of heparin or related substances {e.g, hirudin) ,* (injection of peptone leads to 
liberation of heparin) (p. 144). 

(6) Use of dicowmaroZ (p. 154). . ^ 

Clinically, to keep blood fluid for transfusion purposes, sodium citrate is generaUy 
employed. To prevent or retard blood clotting in vivo heparin or dicoumarol is used. 
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half with only a small prolongation of clotting time ; when the prothrombin 
concentration falls below 50% the clotting time is greatly prolonged.^ 

Heparin.2— Heparin was first isolated from the liver (hence its name) 
and shown to be a powerful anticoagulant substance ; it was subsequently 
demonstrated in extracts of many other organs, e.g, lungs. Heparin is 
probably normally secreted, by a scattered widely distributed system of 
connective tissue cells called the mast cells ; it helps to maintain the normal 
fluidity of the blood within the vascular bed. 



PERCEMTAGE PROTHROMBIN IN PLASMA 

JFio. 76. — Relation between Prothrombin Time (time taken for oxalate 
plasma to clot on addition of Ca++ ions and tissue thromboplastin) 
and Prothrombin percentage (100=7ior?na2 concentration) in Plasma. 

(Kark et al,. Quart, J. Med,, 1940, 9, 251.) 

Heparin inhibits blood coagulation both in vitro and in vivo ; it acts 
slightly by preventing the activation of prothrombin to thrombin but mainly 
by neutrali^g the action of thrombin itself. 1 mg. of a purified heparin 
preparation added in vitro to 500 c.c. of freshly withdrawn cat’s blood kept 
at 0° C. may prevent its coagulation for 24 hours. Chemically heparin is 


^The above account has been deliberately over-simplified for the sake of relative 
clarity. The following observations are worth mentioning in a footnote : 

Prothrombin probably consists of two components, one labile and easily destroyed by 
heat and storage, the other relatively stable to heat and storage. The stable factor can 
be adsorbed on aluminium hydroxide and is the component which is decreased in the 
plasma of patients treated with dicoumarol. Plasmas treated in any one of the above 
ways all have long prothrombin times, but when heated or stored plasma (containing the 
stable factor) is mixed with a little normal plasma, or with adsorbed plasma, or with 
plasma from dicoumarolised patients (containing the labile jfactor) the prothrombin time 
is much shortened. 

Owren described a case similar to hsemophilia, but with a long prothrombin time, 
which was restored to normal by the addition of a little normal plasma. He called the 
substance active in normal plasma, factor 6. Owren’ s factor 6 is probably the same as 
the labile component of prothrombin. 

A co-factor is said to be necessary for the activating action of Ca++ ions. 

* Jorpes, Heparin, London, 2nd edn., 1947. Quick, Physiol, Rev,, 1944, 24, 297. 
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a polysaccharide built from glucosamine (amino-glucose) and glucuronic acid,^ 
and containing many sulphate groups ; it is thus related to mucoitin sulphate 
(of mucus) and chondroitin (of cartilage) (p. 839 ). A comparative study 
suggests that other high-molecular-weight polysaccharides containing several 
sulphate groupings possess heparin-like properties. Thus, if cellulose, 
glycogen, or starch are sulphated, they become highly anticoagulant (but, 
umortunately, more toxic than heparin) ; monosaccharides or disaccharides, 
however, when similarly treated, remain inactive. Some of the artificial 
anticoagiilants such as Chicago him and similar dyes, novirudin, or the 
natural substance hirudin, extracted from the head of the leech, have a 
similar chemical constitution. 

Certain dyes containing the grouping ==NB[, change colour when added 
to a heparin solution in a test tube ; this property is called metachromasia ; 
toluidine blue, for example, changes in colour to purple in the presence of 
heparin. [The reaction is specific for sulphuric acid esters (E — OSO3H) 
and their salts if they have a high molecular weight.] Heparin is quantita- 
tively precipitated from watery solution by toluidine blue and thus rendered 
inert ; this reaction has been developed as a quantitative test for heparin. 
Protamine has a similar precipitating action to that of toluidine blue. 

Mast Cells. — These cells, first described by Ehrlich, are widely dis- 
tributed in many organs of all species from fish to man. They are found 
singly or in clumps ; characteristically, they are arranged in ’'dose pro xim ity 
to the walls of small blood vessels, and may even replace the lining endo- 
thelium. The cells contain numerous heparin granules which give a typical 
metachromatic purple reaction with toluidine blue. 

(1) There is a correlation between the number of mast cells in a tissue, 
its 804^^ content, and the amount of heparin that can be extracted from it. 
Thus the liver of sheep and oxen contains many mast cells and yields much 
heparin ; the reverse is the case with the hver of the rat. On the other 
hand, the subcutaneous tissue in the rat is rich both in mast cells and heparin 
content. Considerable amounts of heparin are found in the walls of the large 
vessels, e.g. aorta and vena cava, where, too, the yield is related to mast cell 

concentration. 1 j • • j 

(2) In conditions in which the heparin content of the blood is raised 

{e.g. peptone shock, v. infra) the mast cells show loss of both granules and of 
metachromatic reaction. • • 

( 3 ) Metachromatic extracellular substance is also found under the mtima 
and especially in the media of the aorta round the elastic fibres ; it is also 
present in the substantia propria of the cornea. These fi nd i ngs, too, are 
related to a high heparin content. 

Peptone Shock.— The intravenous injection of peptone produces a pro- 
found fall of blood pressure and incoagulabihty of the blood owing to an 
increase in heparin content ; the mast ceils appear exhausted from of 
granules (Fig. 77). The blood platelet count falls. The addition of toluidme 
blue to the blood reduces its coagulation time (by precipitating heparm). 
The heparin equivalent of the blood (judged by the toluidine blue reaction) 
in peptone shock is 3-6 mg. per 100 c.c. compared with a normal concentration 


1 Glucose=CH80H(CHOH)4CHO 
Gluouronic acid=CHaOH(CHOH) 4 COOH. 
Gluoosaimiie=CH20H.(CHOH)80HNHj.CHO. 


For open chain structure, see p. 844. 
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of. about 0*15 mg. Injection of peptone acts similarly in the liverless animal. 
It seems probable therefore that it acts on the mast cells generally, causing 
them to discharge their heparin store. 

A B 



Fig. 77. — ^Liberation of Heparin from Mast Cells in Liver. (Wilander, Skand. Arch. 
Physiol., 1928, 81, Suppl. 15.) 

A. Normal liver (dog) x 1150. Fixed with 4% basic Pb acetate and stained with 1% aq. toluidine blue. 
The mast cells (M.0,) are arranged round a small blood vessel and flllod with well-marked granules 
of heparin. L.O. “hepatic cells, M.0.=mast cells. 

ij' Liver after peptone shock. The granules in the mast cells (M.C.) are diminished in number, smaller, 
and. more faintly stained. 

Nobmal H6le of Hepabin. — The facts presented make it likely that the 
mast cells normally secrete heparin into the blood to help maintain its 
fluidity, partly by preventing the activation of prothrombin, but mainly by 



MINUTES 

Fig. 78. — ^Action of Single Injection of Heparin on Blood Clotting 
Time. Normal subject (weight =73 kg.). 

At the arrow : inject 5000 units of heparin intravenously [1 unit =0 ‘009 mg. of 
pure heparin sodium salt ; 5000 units“45 mg.]. 

Normal clotting time =5-10 minutes. 

A blood sample withdrawn 15 minutes after the injection did not clot in 3 hours ; 
a sample withdrawn after 30 minutes clotted in 90 minutes. The clotting time 
returned to normal in about 3 hours. (Argent, Gilliatt, and Slack, MUdU&ex 
Eosp. J., 1948, 48.) © , » , 

ueutrali^g any thrombin that might be formed. When blood is shed, 
heparin is put out of action by the thromboplastins which are liberated from 
damaged tissues, so permitting the rapid conversion of prothrombin into 
thrombin and the subsequent action of thrombin on fibrinogen. 
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Use of Heparin.— -Heparin can be employed to keep blood fluid in vitro 
for purposes of analysis or in vivo in various experimental conditions. It 
may be added to the donor blood in blood transfusions. 

Heparin may be injected intravenously in cases of commencing or de- 
veloped thrombosis, e.g. in the deep veins of the leg after operations, or in 
the coronary or cerebral vessels, in the hope of preventing the spread of the 
intravascular thrombosis ; favourable clinical results have been reported. 
Fig. 78 shows that a single intravenous injection of 5000 units (=45 mg.) 
of heparin produces a striking effect on the blood clotting time ; samples 
collected after 15 minutes may have a clotting time which exceeds 3 hours 
(normal, 5-10 minutes). As heparin rapidly disappears from the blood the 
effects pass away in a few hours. In the case illustrated by Fig. 79 repeated 
doses of heparin produced a sustained and progressive increase in the clotting 



Fig. 79. — ^Action of Repeated Intravenous Injections of Heparin on Blood Clotting 
Time in Case of Venous Thrombosis. 

The patient, aged 65, weight 51 kg., had a carcinoma of the rectum removed hy the perineal route. On 
the eighteenth day he complained of pain in the right calf; there was pitting oedema of the right 
ankle and deep calf tenderness, indicating thrombosis in the deep veins of the calf. Heparin was 
given intravenously, generally at four-hourly intervals (=» 30,000 units in all) in the first 24 hours. 
During the second 24 hours the total dose was 20,000 units. The blood clotting time (normal* 5-10 
minutes) was progressively raised to 25 minutes, i.e. the blood was much less coaguiable. On the third 
day only 5000 units were injected. Recovery was uneventful. (Argent, Uilliatt, and Slack, Mwdlesez 
Eoap. J., 1948, 48.) 

time. There are, however, marked individual variations in the response 
observed ] probably heparin is best given climcally by means of a continuous 
intravenous drip transfusion, the amount administered being adjusted to 
maintain the desired level of blood clotting time. Heparin therapy has the 
advantage over dicoumarol (p. 154) that its effects wear off quicMy when 
administration is stopped and so a dangerous degree of incoagulability of the 
blood can be avoided or soon remedied. 

ItitravcLSCular Thrombosis.^ — The pathologists use the word thronibus 
to describe a ** peculiar clot formed during life in the streaming blood , 
the responsible process c&lled thrombosis is distinguished from the usual 
extra vascular clotting, or clotting in wounds, or clotting occurring in the 
blood vessels after death. Fundamentally thrombosis’ , like clottu^^ ^ 
consists of fibrin formation 5 but there are differences described below which 
are due to the fact that the blood is streaming and not stationary. 

1 Marple and Wright, ThromboemJbolic Conditions and their treatment with Anticoagidanis 
1950, Springfield, Illinois. 
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Tkromboais always begins by deposition on tbe wall of a blood channel 
of masses of platelets which grow by adhesion of other platelets as they flow 
by; the 1a.Tn^Ti« of platelets (which fuse together and lose their identity) 
stand out as layers running transversely to the blood stream ; passing leuco- 
cytes adhere to their borders (“ like flies on sheets of sticky flypaper ”) 
(Fig. 80). The platelets liberate thromboplastins “ so that filaments of fibrin 
spread out from them on all sides and meeting with filaments from the nest 
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Fig. 80. — Structure of Intravascular Thrombus. 

The pale translucent laminse are the fused masses of platelets (A). The dense layer 
of deeply staining cells adherent to the laminae are leucocytes (B). Between the 
platelet laminae is a fibrin network entangling disintegrating red cells and some 
leucocytes (C). (McCallum, Text Booh of Pathology, W. B. Satmders, Philadelphia 
and London, 1941). 


lamella hang in festoons between them.” The lamellae of platelets thus 
braced together by fibrin ” entangle masses of red cells so that finally a 
solid mass of peculiarly constructed “ clot ” — in fact, the ‘‘ thrombus ” — is 
formed. (McCallum.) The red cells disintegrate and lose their haemoglobin ; 
the initial red thrombus as it ages becomes yellowish grey ; but newly formed 
thrombi added to it will be red. 

Thrombi form most readily where there is (i) local damage to the vascular 
endothelium, and (ii) slowing down of the blood stream, e,g, in small leg 
veins {infra), on atheromatous patches in small arteries, on damaged valves 
in the heart, or in the auricular appendage in auricular fibrillation. It is 
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surprising however to find thrombi forming on the damaged wall of the aorta 
where it might seem that the pulsating torrent of blood would allow no 
chance for the deposition of pioneer platelets.” 

Post-Operative Thrombosis, Thrombophlebitis or Decubitus Throm- 
bosis. — After surgical operations (especially those involving the abdomen) 
or childbirth, and in patients confined to bed for long periods, thrombosis 
may occur in the leg veins ; the condition is called post-operative thrombosis, 
decubitus thrombosis (because the recumbent position is an important causal 
factor), or thrombophlebitis (because the thrombosis is accompanied by 
changes in the vein wall). The thrombosis sets in within 3 weeks of the 
operation ; it begins in the veins of the calf muscles and the plantar region 
and spreads upwards, in some instances ascending to the popliteal, femoral, 
or even iliac veins.^ In a small proportion of cases of thrombosis fragments 
of clot become detached (em- 
bolus) and settle in and ob- g jqq 
struct the pulmonary vessels 
producing infarction of the 
lungs ; sometimes the cerebral 
vessels and rarely the coronary 
vessels become blocked in this 
way. 

Mechanism of Decubitus 
Thrombosis , — This condition 
is due partly to changes in 
the circulation and in the 
properties of the blood and 
partly to local injuries to the 
leg veins. 

(i) The circulation in the 
veins of the legs and trunk 
(but not in the arms) is con- 
siderably slowed down after 
operations. The normal 
venous return depends on 

muscular contraction and respiratory movements ; after abdominal operations 
the legs are moved very httle, and the movements of the diaplbagm may 
be hampered by a tight abdominal bandage or by flatus or inhibited by the 
pain of the abdominal incision. Thrombosis is much rarer after operations 
on the upper part of the body. 

(ii) There are changes in the composition of the blood owing to the general 
tissue response to the trauma i {a) The plasma fibrinogen concentration is 
raised ; this may increase the sedimentation rate of the red cells^(p.^ 173). 
( 6 ) The platelet count is raised ; the platelets also become more “ sticl^ ” 
and so more hable to adhere to the lining of the blood vessels. There is a 
direct relationship between the extent of these blood changes and the in- 
cidence of intravascular thrombosis (Fig. 81). 

(iii) Sepsis may be a factor 5 thus most strains of Stajphylococcus aureus 
produce a toxin which rapidly clots human blood. ^ 

(iv) The calf veins may be damaged owing to the limbs lying 

^See legend to Fig. 79 for a clinical report of a typical case. 
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Fig. 81. — Relationship between CJhanges in Blood 
Platelet Count and “Stickiness” and the 
incidence of Post-operative Thrombosis. (After 
Helen Payling Wright.) 

** Stickiness ” of platelets in arbitrary units. 
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limply on the operating table or in bed ; thromboplastins are 
liberated locally promoting thrombin formation. 

The mode of formation and 


normal conductor 

MALE FEMALE 



Fig. 82. — ^Transmission of Haemophilia by Con- 
ductor Female to Haemophiliac Son and 
Conductor Daughter. 

[] =normal x chromosome. 

I chromosome responsible for hsemophilia. 

- O chromosome. 

The sex chromosomes in the female are similar in appear- 
ance and are labelled x and x ; in the male the sex 
chromosomes are x, combined with a minute and 
negligible chromosome labelled y. The gene respon- 
sible for hsemophilia is present in the x chromosome ; 
in the presence of another normal x chromosome the 
gene acts as a recessive^ i.e. the individual has no 
signs of haemophilia (but can transmit the disease) ; 
certain constituents of the normal x chromosome may 
be responsible for this. When the ovum of a con- 
ductor female undergoes its reduction division, the 
two resulting cells differ : one contains a normal x 
chromosome [], the other a haemophiliac x chromo- 
some I . At fertilization, if 2 of the ovum unites 
with « of a sperm, the offspring is a female if a; of 
the ovum unites with y of a sperm the result is a male. 
If a haemophiliac a; | (of a female) unites with a y 
(of a male) the haemophiliac gene on a; j is un~ 
aniagonized by a normal x [1 and the resultant is a 
hasmopUUac son. If a haemophiliac x | unites with 
a normal x the result is a conductor daughter (who 
can transmit the disease but has no signs of it). 
Offspring not containing haemophiliac x |are normal 
and their progeny are normal. 


spread of the thrombus was 
described above (p. 148). 

The use of heparin and 
dicoumarol to prevent the onset 
or spread of thrombosis is con- 
sidered on pp. 147, 154. 

Haemophilia 1 is an inherited 
anomaly usually transmitted by 
females, who themselves show 
no symptoms, to males who 
manifest signs of the disease 
(Fig. 82). The condition is 
characterized by a marked in- 
crease in the coagulation time. 
Blood should be collected for 
examination by venepuncture ; 
normal blood under these con- 
ditions {i.e, in the absence of 
thromboplastins) clots in 5-10 
minutes, while haemophiliac 
blood may take from 1-12 hours. 
Severe bleeding occurs after 
injuries of any land, even of the 
most trivial character. There 
is no tendency, however, to 
sfontaneous haemorrhage, thus 
distinguishing the condition from 
purpura (p. 157). 

The abnormality responsible 
for haemophilia is probably a 
deficiency of a plasma “ throm- 
boplastin.’ ’ The following points 
should be noted : 

(i) The concentrations of 
fibrinogen, Ca^^ ions, pro- 
thrombin, platelets, and heparin 
are normal. 

(ii) The patient’s prothrom- 
bin is activated normally by 
adding excess Ca++ ions and 


tissue thromboplastins. 

(iii) Intravenous injection of 100 c.c. of normal blood (but not of haemo- 
phihac blood) shortens the coagulation time to about normal. 

(iv) Injection of Cohn’s protein Fraction 1 (p. 136) (containing fibrinogen 


1 Howell, Bvll. N.T, Acad. Med., 1939, IS, 3. Minot et al,, J. din. Investig., 1945, 
1946, 25, 870, 876. Pavlovsky, Blood, 1947, 2, 185. Craddock and Lawrence, 
iM., 505? ‘ ‘ ' ^ 
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82 id globulins) extracted from uotitkiI plasma but not from hcBmojpJiilicic 
'plasmd bas a similar effect. As the fibrinogen concentration of hfismophiliac 
blood is normal, a globulin component of the added plasma or of Fraction 1 
is presumably the active agent ; likewise hsemophiUac plasma clots normally 
in vitro on adding normal plasma free of platelets, fibrinogen, or prothrombin. 

It seems that in haemophiha a normal plasma thromboplastin is missing 
and that it is essential for satisfactory thrombin formation. Presumably 
this plasma thromboplastin is associated with the globuhn fraction. As a 
helpful measure to cope with local and accessible bleeding in hsemophilia a 
preparation rich in tromboplastins (like the venom of the Eussell viper) 
may be applied on a dressing at moderate pressure and usually produces 
satisfactory clotting. 

Vitamin-K and Blood Clotting.^ — Vitamin-j& is a complex naphtho- 
quinone derivative which is indispensable for the synthesis of prothrombin 
by the liver ; in the absence of the vitamin the plasma prothrombin concentra- 
tion is reduced, the coagulation time of the blood is correspondingly prolonged 
and serious haemorrhages may occur. 

Distribution and Chemistry.— -Vitamin-Z is widely distributed in 
nature ; thus it is found in traces in green vegetables, cereals, and animal 
tissues generally. It can be synthesized by many bacteria including those 
normally present in the human intestine {e.g. B. coli) ; the bacterial flora 
probably provide an adequate supply of vitamin-Z in man. Vitamin-Z 
deficiency from dietary abnormalities is very rare in man. 

The formula of 1 : 4 naphthoquinone (which contains an 0 atom at the 
1, and 4, positions) and the method of numbering the positions in the ring 
are indicated below : 

0 

H 
H 

0 

1 : 4 napthoquinone 

Natural vitamin-Z is 2-methyl-3-phytyl-l : 4 naphthoquinone (Fig. 83). 
It is soluble in fat-solvents but insoluMe in water ; it can therefore only be 
administered by mouth or intramuscularly. Many substances of related 
chemical constitution with vitamin-Z activity have been synthesized. The 
most potent (with three times the activity of natural vitamin-Z) is 2-methyl- 
1 : 4 naphthoquinone ; it is interesting to note that a closely sunilar substance 
chemically (2-methyl-3-Aydroa:^-l : 4 naphthoquinone {phthiocol) )is almost 
inert biologically. Water-soluble analogues have also been prepared^ (e.g, 
4-amino-2-methyl-naphthol-hydrochloride) which can be a dmini stered intra- 
venously. ^ . . -u 11 

Absorption in Intestine. — ^Absorption of vitamin-Z from the small 
intestine only occurs in the presence of adequate amounts of bile salts (which 
are also necessary for the absorption of other fat-soluble substances like 
vitamin-D and the fats of the food (p. 798)). 

1 Butt and Snell, Vitamin-K, Philadelphia, 1941. Almquist, Physiol Rev., 1941, 21, 
194. 
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The vitamin is absorbed into the lacteals and passes into the thoracic 
duct ^ ; on reaching the liver it participates in the processes leading to the 
synthesis of prothrombin ; the vitamin is not incorporated in the prothrombin 
molecnle which is a protein containing no naphthoquinone. If bile is excluded 
from the bowel, vitamin-Z absorption does not occur ; if the liver is damaged 
or extirpated, prothrombin formation is decreased or stops altogether. 

Clinical Conditions associated with Vitamin-K Deficiency. — 
(1) Obstructive Jaundice. — In this condition bile is excluded from the 

0 



0 0 



(3, 3'~methylene— bis— (4 hydroxy)— coumarol.) 

Fig. 83.— Chemical Structure of Vitamin-Z and related Substances. 

bowel owing to obstruction somewhere in the biliary passages. The absence 
of bile salts from the bowel prevents vitamin-Z absorption with the ex- 
acted results of lowered plasma prothrombin, * prolonged clotting time, and 
hsemorrhages. In untreated cases operative procedures may involve death 
from uncontrohable bleeding. The state of the blood may be restored to 
Mnnal (i) by givmg bile salts alone or bile salts plus vitamin-Z by mouth 
(Fig. 84) ; (ii) more rapidly by injecting vitamin- intramuscularly ; (iii) 

1 Mann and ffiggins, Blood, 1950, 5, 177. 

* For estimation of plasma protliombin clinically see p. 143. 
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improvement can be produced within 2 hours by intravenous injection of a 
water-soluble vitamin-Z analogue. 

(2) The sjmdrome of vitamin-Z deficiency has been reported in cases of 
ulcerative colitis. The cause may be (i) failure of absorption as a result of 
the altered state of the intestinal wall and the associated diarrhoea, or (ii) an 
abnormal state of the intestinal bacteria leading to defective synthesis of 



DAYS 

Fig. 84. — Action of Vitamin-Z by Month with and without Bile in 
Case of complete Obstructive Jaundice. 

Vertical axis : Prothrombin time ( = accelerated clotting time) in sec. (i.e. clotting 
time of oxalated plasma after adding Ca++ and thromboplastin, Quick's 
method). Normal =25 sec. In this case of obstructive jaundice the pro- 
thrombin time was 70-100 sec. (i.c. the prothrombin concentration was less 
than 20% of normal (cf. Fig. 76)). Vitamin-^:, 200 mg. daily by mouth 
was ineffective ; but vitamin- jC ^lus bile by mouth produced prompt 
restoration of plasma prothrombin to normal. (Butt and Snell, Vitamin-Kt 
Philadelphia, 1941.) 

the vitamin.^ The syndrome may also occur associated with defective fat 
absorption in sprue, 

(3) Liver Disease. — In acute and subacute hepatitis and frequently in 
cirrhosis or malignant disease of the liver there may be failure of prothrombin 
formation with the usual sequelas, but the condition does not respond to 
vitamin-jK^ administration by any route (Fig. 85). This lack of prothrombin 
response has been used as a test of liver efficiency (p. 831). 

(4) Hemorrhagic States in Infants.^— As already mentioned (p. 142) 
new-born babies commonly have plasma prothrombin concentrations which 

^ Kark and Souter, Lancet, 1940, ii, 1150. ^ 

2 The infants also suffer from severe jaundice, marked anmmia, and widespread oedema. 
The relation of the vitamin lack to these other manifestations is unknown 
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are as low as one-third to one-sixth of normal ; the deficiency is even, more 
marked in premature babies. Usually the plasma prothrombin returns 
to n o r ma l during the second week after birth. A grave basmorrhagic state 
has been described in infants in whom for some unexplained reason the 
plasma prothrombin falls to less than 1% of normal. If vitamin-A: is given 
in large doses complete recovery of the blood may occur in less than 48 hours.^ 
Diootjmabol.— This substance is related chemically to the naphthoquinone 
derivatives with vitamin-Z activity as is shown by a study of Fig. 83. Because 
of this chemical resemblance, dicoumarol acts as an umfi-Vitamin-Z by the 



Fio. 85. — ^Absence of Prothrombin Response to treatment with 

Vitamin-Z analogues in Acute Hepatic Insufficiency. 

Case of acute yellow atrophy of the liver (acute hepatitis). Prothrombin time, 

50 sec. (normal, 25 see.) corresponding to prothrombin concentration of 
30% of normal. Treatment consisted of : 

(i) Intravenous injection of 6 c.c. daily of a water-soluble vitamin- JK 

analogue (as shown by the upper arrows) for 6 days. 

(ii) 2 mg. of 2-methyl-l : 4-naphthoquinone daily by mouth for the last 
3 days (lower arrows). 

The condition steadily got worse. Prothrombin time rose to 105 sec. 
(=prothrombin concentration of under 10% of normal), before death 
occurred. (Kark and Souter, Lancet, 1940, ii, 1160.) 

method of substrate competition (of. p. 509). It is thought that in the liver 
dicoumarol replaces vitamin-jEC at the latter’s normal site of action and thus 
prevents the vitamin from carrying out its normal physiological function. 
As dicoumarol cannot be utilized by the liver in the synthesis of prothrombin, 
the syndrome of vitamin-jK deficiency develops, i.e. the plasma prothrombin 
level falls and blood coagulability is depressed. In this way dicoumarol acts 
as an anticoagulant, but only in vivo. It is active by mouth and one dose 
may produce an effect lasting for a week or more (Fig. 86). Dicoumarol 
has been used clinically, e.g. in phlebitis and coronary thrombosis. As the 
action of dicoumarol is so prolonged^ repeated doses may produce a cumulative 
effect : the plasma prothrombin may faU so much that dangerous haemor- 
rhages may occur,^ The drug should, therefore, only be used where there 

1 Dam, Tage- Hansen, and Plum, Lancet, 1939, ii, 1157. 

* Thors^n, Lancet, 1947, i, 420, 
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are adequate facilities available for accurate frequent determinations of the 
plasma prothrombin level and for blood transfusion.^ 

Blood Platelets. — The red marrow contains giant cells (megakaryocytes), 
which may attain a diameter of 40 fi and contain an irregular ring of lobed 
nuclei. These giant cells throw out pseudopodia which pass through the 
wall of the sinusoids and constrict off part of their substance to form the 
blood platelets (thrombocytes). With Leishman’s stain, the platelets appear 
as round or oval bodies 2-5 [jl in diameter, with faint blue cytoplasm and 
distinct reddish-purple granules. If the stain is precipitated on the granules 
an appearance simulating a nucleus is produced. The normal platelet count 
is 250,000-500,000 per c.mm. ^ ; in disease conditions the count varies as a 



DAYS 

Fig. 86. — Action of Dicoumarol on Plasma Prothrombin Concentration. 

Vertical axis : plasma prothrombin concentration. 100% =* normal concentra- 
tion : lower values = lower concentrations and therefore prolonged clotting 
time. The effects of taking by mouth 0*25, 0*5, 0*75 and 1*0 g. of dicoumarol 
are shown. (Redrawn firom Lehmann, Lancet, 1942, i, 318.) 


rule with the number of giant cells in the red marrow.^ They are thus in- 
creased in myeloid leuksemia or in Hodgkin’s disease (where they may exceed 
one million per c.mm.), and are diminished after large doses of X-rays, which 
destroy the marrow, or in severe infections of the marrow. The duration oj 

life of the platelets is aiew days, . 

The platelets are destroyed in the sfleen ; after splenectomy their number 

1 Burt et at., Brit. med. J., 1949, ii, 1250, have reported the results of climcal tests 
with bis-3, 3- (4-oxy coumarinyl) ether acetate (B.O.E.A. ; trade name^ tromex^^ ), 
a new coumarol substance which has the advantages of actmg more quicMy and being 
excreted more quickly than dicoumarol. Its use, however, requnes the same rigid 

laborato^^oontroL^^ is carried out as foUows : The gr^sed skm is punctured «>roTCh a 
drop of sodium citrate solution which decalcifies the blood and p^erves the platelets. 
The blood is transferred to a smaU waxed test-tube cont^g citrate solution ^th wlbch 
it is thoroughly mixed. A drop of the greatly diluted blood m exammed ™der a cover- 
sKn on a e^s sUde, and the ratio of platelets to red cefis is deteriMed by comtmg 
1(^200 pfatelets and the red cells in the correspond fields. The red ceU 
determined in the usual way. If the red count is 5 ^ ^ 

platelet ratio is 10/1, then the platelet count IS 600,000 per c.mm. tu. 

^ »In thromboc^openio purpura, there may be few 

corresponding to Ue low platelet count. Sometimes the 

may be normal ; but the c&ls are then mostly immature and fail to form platelets. 
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iiicre£L8es, although only temporarily. In conditions of splenic over- 
activity {Jiy^pcTsplBYhism, p. 229) the platelets may almost disappear from 
the circulation. The platelet count is increased after all forms of trauma 
(p. 149). 

Functions. — (1) When blood is shed the platelets disintegrate and 
liberate a thromboplastin which is concerned with the activation of pro- 
thrombin to thrombin (p. 142). If a film of clotting blood is examined, it 
is noted that filaments of fibrin radiate from the vicinity of altered platelets. 
But the platelets are in no way indispensable for blood clotting ; thus the 
number of the platelets is unaltered in hsemophiba, but the coagulation time 
is greatly prolonged (p. 150) ; in purpura, on the other hand, the platelets 
may ahnost disappear from the blood, but the coagulation time is within 
normal limits (p. 159). This latter observation indicates that excess thrombo- 
plastin is normally available in wounds from damaged tissue and the plasma 
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Fia. 87. — Response of Human Capillaries to Needle Puncture. 

A. Normal capillary loops in the nail-bed of the human finger. The arrow indicates the approximate 

path of the needle. 

B. The punctured capillary has disappeared as a result of contraction. (Macfarlano, Quart, J. Med.^ 

1941, 10 ,) 

itself. The platelet count is however related to the degree of clot retraction 
(p. 159). 

The role of the platelets in the initiation of intravascular thrombosis is 
fully considered on p. 148. 

(2) Diminution in the number of the platelets {thromhopenia, thromho- 
(^tojpenia) is often associated with pwrpwra ; the significance of this observation 
is discussed on p. 159. 

Haemostasis. — As pointed out on p. 139 arrest of bleeding (hasmostasis) 
does not depend exclusively on coagulation of the blood ; conditions of severe, 
apparently ‘‘ spontaneous,” haemorrhage may occur clinically although the 
coagulability of the blood is normal. Haemostasis depends in part on appro- 
priate vascular responses at the site of injury. If the skin is punctured {e.g. 
with a needle) a number of capillary loops are damaged ; “ H ” substance 
is liberated locally (p. 325), dilating the affected vessels, and bleeding takes 
place. After a few seconds the damaged vessels constrict (as seen when they 
are examined microscopically) and disappear from view (Fig. 87) ; bleeding 
ceases principally because the vessels have contracted. Under the conditions 
of these experiments the arrest of bleeding preceeds blood clotting, for, as has 
been pointed out, accelerated blood clotting ” in vitro (in the presence of 
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excess calcium ions and tliromboplastins) takes 12-25 seconds ; without 
such, additions shed capillary blood clots in 1-2 minutes. The damaged 
capillaries remain shut for 20 minutes to 2 hours ; during this period the 
blood that escaped initially has ample time to clot and the clot can become 
tough and firmly. secured to the wound. Direct experiment in man shows 
that contracted capillaries may resist distension from internal pressures up to 
about 100 mm. Hg (p. 322) ; they can thus withstand the pressure in the 
neighbouring arterioles and small arteries. When the capillary circulation is 
finally re-established resumption of bleeding is prevented by the formed clot. 
If the edges of the wound have in the meantime come together owing to 
drying of the exudate further security against haemorrhage is obtained. 

Hsemorrhagic States. — The preliminary discussion (above) suggests 
that clinical haemorrhagic states may be due to (i) defective blood clotting, 
(ii) defective capillary contractility, or (iii) the combined defects. 

(i) In cases of defective hlood coagulation a firm clot is not formed following 
an injury during the period of capillary contraction. When the capillaries 
finally open up once more, oozing will recommence, and can only be controlled 
by measures, either general or local, that restore blood coagulability. 
Clinically, failure of coagulation may be due (a) (very rarely) to lack oi fibrinogen 
(p. 140) ; (b) to decrease of prothrombin (p. 151) ; (c) in hoBmophilia, owing 
to lack of plasma thromboplastin (p. 150) ; (d) to lack of the lesser-known 
factors concerned in thrombin formation (p. 144). In these clinical states 
haemorrhages may occur anywhere in the body “ spontaneously ; it must be 
supposed that the capillaries in many regions are constantly being exposed 
to trivial and unnoticed trauma and that the resulting tiny blood-leaks are 
normally effectively sealed off. But when there is decreased blood coagula- 
bility from any cause the normal harmless leaks become noticeable or even 
dangerous haemorrhages. 

In haemorrhagic states coagulating agents applied sufficiently firmly on the 
bleeding area may be useful temporarily ; e,g, thromboplastins in haemophilia 
(p. 151) or active preparations of thrombin. The dressing may consist of 
fibrin sheets or foam which do not need removal and are absorbed during 
healing. 

(ii) Defective capillary contractility, — The clinical condition in which the 
capillary abnormality results in bleeding is known as purpura, which must 
now be considered. 

Purpura.^ — This is a condition with normal blood coagulability in which 
there is a tendency to “ spontaneous ” haemorrhages, usually beneath the 
skin, from the various mucous membranes, and .in internal organs. Purpura 
may be symptomatic or primary. Symptomatic purpura may result from 
various infections {e,g. infective endocarditis, typhus), from very many drugs 
in susceptiMe. subjects {e,g. iodine, bismuth, ergot, quinine, sedormid), and 
in cachectic states {e,g, cancer). Primary (idiopathic) purpura occurs most 
often in children, has no constant associations with other maladies, and is 
occasionally congenital or hereditary. Severe purpura with hsemorrhages in 
the skin and from mucous membranes is called P. hcemorrhagica. 

In purpura the blood coagulation time is, as stated, normal ; but there 
is clear evidence of an abnormal state of the capillary wall. The following 
tests are used. 

^ Whitby and Britton, Diseases of the Blood, 6th edn., 1950, p. 336. 
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(1) Capillabt Resistance.— If firm pressure {e.g. by inflating a blood- 
pressure cuff at 60 mm. Hg for 2 minutes) or a suction force {e.g. by the 
negative pressure used in “ cupping ”) is applied to the skin, the local (and 
sometimes the distal) capillaries leak blood leading to the appearance of a 
crop of minute haemorrhages {petechice ) ; this abnormal response is evidence 
of diminished resistance (increased “ fragility ”) of the cajiillary endothelium. 

(2) Bleeding Time. — The ear is pricked and the escaping blood is washed 
away with saline or dried every 10 or 15 seconds with blotting paper; 
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Fig. SS. — Distorted Capillaries and their Response in Primary 
(Athrombocytopenic) Purpura to Needle Puncture. 

A. the abnormally formed capillary which is being punctured 
(needle track shown by arrow). 

B. Immediately after puncture ; haemorrhage is taking place from the 

arteriolar limb of the capillary ; the capillary has not contracted. 

C. Two minutes after puncture, 

D. Five minutes after puncture. During C and D blood had been escap- 

ing continuously from the needle track. Note that no capillary 
contraction has occurred. (After Macfarlane, Quart. J. Med., 1941, 10.) 

normally bleeding ceases after 2-6 minutes. Under these conditions no 
blood clot can form locally and arrest of bleeding depends exclusively on 
capillary contraction. In purpura the damaged capillaries fail to close and 
thus bleeding may continue for 10-20 minutes or even longer. 

(3) Skin Microscopy. — Examination in cases of 'primary purpura reveals 
that the skin capillaries are very irregular and distorted in form, sometimes 
branching ; after puncture these vessels remain patent with the result that 
free bleeding proceeds from the needle track for several min utes (Eig. 88). 
In symptomatic purpura the capillaries are anatomically normal but (because 
of the presence of a toxic agent or other cause) they do not contract effectively 
in response to injury. 
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The facts just presented indicate the importance of the capillary defect 
in producing the haemorrhages of purpura. Probably the capillary changes 
are localized, thus accounting for bleeding from restricted parts {e,g. rIHti and 
mucous membranes). 

Relation of Blood Platelets to Purpuea. — In many cases of purpura 
there is a reduction in the platelet count {throjnbocytopenic purpura) which 
may be mild, e.g. down to 50,000, or severe, e.g., down to 10,000 or even 
1000 per c.mm. ; in some cases, however, the platelet count remains normal 
{aihrombocytopenic purpura) . With low platelet counts though the coagulation 
time is normal, the clot that is formed is soft and friable, does nor retract 
well, and is doubtless a less satisfactory bung for damaged capillaries.^ It 
is clear, however, that a low platelet 
count alone cannot be responsible for 
the initial occurrence of haemorrhages. 

The injection of agar serum into an 
animal greatly reduces the platelet 
count, but does not produce haemor- 
rhages. The bleeding may cease in a 
severe case of purpura several days 
before the platelet count rises, and 
the platelets have been known to 
disappear clinically from the blood 
without haemorrhages occurring. It 
is possible that in some cases of 
purpura enough platelets “stick’’ on 
to the wall of damaged capillaries (as 
they “ stick ” on to any injured 
endothehum, p. 148) to lower the 
count in the peripheral blood ; alter- 
natively the factors responsible for the 
capillary abnormality may be inde- 
pendently destroying the platelets. 

Thus in “ hypersplenism ” there is 
clear evidence of excessive platelet destruction, often associated with 
purpura (p. 229). 

Splenectomy cures about 70% of cases of severe thrombocytopenic 
purpura. The platelet count usually rises, but does not run parallel with 
the arrest of the hsemorrhage. It has been suggested that the spleen may 
in some unknown way be responsible for the capillary abnormahty as well 
as for the thrombocytopenia. 

Local bleeding in purpura can be controlled by firm pressure which closes 
the damaged capillaries and permits clotting to occur locally. 

H.®morehagic Telangiectasis. — This rare condition is an interesting 
example of a haemorrhagic state unquestionably due entirely to a localized 
capillary abnormality. The essential lesion is the telangiectasis or group of 

^ Normal blood is allowed to clot round a glass rod and is then kept for one hour at 
37° C. ; when the clot adherent to the rod is removed, 40% of the original volume of the 
blood is left behind in the form of serum. When the experiment is repeated with blood 
a case of thrombocytopenic purpura, the clot formed is soft and watery and when 
it is removed on the rod only a small volume of serum is left behind. 
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Fig. 89. — Response of Capillaries in 
Congenital Telangiectasis to Needle 
Puncture. 


A. Greatly dilated capillary loop forming a 

telan^ectasis ; arrow shows needle track. 

B. Extensive haemorrhage from needle track 

which eventually had to be arrested by 
pressure. (After Macfarlane, Quart. J. Med.^ 
1941, 10 .) 
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dilated capillaries in the skin or mucous membranes ; these do not react to 
stimuli which affect normal capillaries. Profuse bleeding follows rupture of 
these vessels (Pig. 89). 


DEVELOPMENT AND PROPEETIES OF THE RED BLOOD 
CORPUSCLES. NORMAL BLOOD STANDARDS 

Development.^— In the Embryo. — In the early embryo, blood formation 
takes place first in the mesoderm of the yolk sac (the area vasculosa) and 
later in the body of the foetus. The mesoderm consists originally of a syn- 
cytium or nucleated mass of protoplasm without cell outlines. The sjmcytium 
differentiates to give rise to a network of capillary vessels lined by endothehum 
and containing plasma (which is formed by hquefaction of the cytoplasm), 
Erythropoiesis takes place intravascularly ; in places the endothelial cells 
proliferate and differentiate to form masses of nucleated hsemoglobin-bearing 



Pig. 90. — Erythropoiesis in Human Embryo. Blood vessels in yolk-sac full of 
nucleated erythroblasts. (Gilmour, J. Path. Bact.y 1940, 52.) 


cells wliich fill and distend the capillary lumen (Fig. 90). These cells become 
free and circulate in the blood stream and fimally lose their nuclei to give rise 
to non-nucleated discs. The nucleated red cells disappear completely from 
the blood about the middle of foetal life. After the third month of foetal life 
the spleen and especially the liver are the most important sites of intravascular 
blood formation, nucleated red cells developing from the endothelial Hm'ng of 
the blood channels. About the middle of foetal life the hone ma/rrow begins 
to act as a blood-forming organ, the function becoming progressively more 
important as erythropoiesis in the liver decreases, so that the marrow is 
normally the sole region where red cells me formed after Urth. (The white blood 
cells also develop mainly in the red marrow, the granulocytes being formed 
exclusively there.) Occasionally in adult life when the marrow cavity is 
nearly obliterated by sclerosis or other diseases, the spleen and liver again 
become important sites of blood formation. 

(1) UiSTRiBUTiON. — Bone marrow may be yellow or 
red. Yellow marrow consists of fat cells, blood vessels, and a minimal 


^amond,aud Leister, Atlas of Blood in ChUdreny N.Y., 1944. Israels, 
Atla^ of B^e Marrow Pathology , London 1948. Gilmour, J. Path. Bact.y 1941 52 25. 
Bacie, J. chn, Path.y 1949, 2, 1, Leitner, BonCy Marrow Biopsy, London, 1949. * * 
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framework of reticulum cells Sjnd fibres^; in red marrow numerous blood cells 
of all hinds and their 'precursors {erythroid and myeloid are present too. At 
birth all tke bones are filled tbrougbout tbeir length with highly cellular red 
marrow.^ With increasing age the marrow becomes more fatty, the process 
setting in first in the distal bones of the hmbs (tarsus and carpus), then in 
the intermediate (tibia, fibula, radius, ulna), and finally in the proximal 
bones (femur, humerus) (Fig. 91). At the age of twenty aU the marrow of 
the long bones is yellow except for the upper end of the femur and humerus. 
In the adult, red marrow persists mainly in the vertebrae, sternum, ribs, and 
bones of the skuU and pelvis. There is obviously ample room in the long 
bones of the adult for considerable expansion of the red marrow. Children, 
in relation to their weight, have relatively more red marrow than adults 



YEARS 

Fig. 91. — Changes in Red Bone Marrow with Age. (Whitby and Britton, 
Disorders of the Blood, 6th. edn., 1950, Churchill.) 

The chart shows the decrease in cellularity of the red marrow of different bones with advancing 
age. The curve for tibia = also fibula, radius, and ulna. The curve for femur = also 
humerus ; the curve for vertebrae = also pelvis. 100% — degree of cellularity at birth. 

but little reserve space on which to draw if needed ; in times of stress, e.g. 
in fibrosis of the red marrow or after severe hsemorrhage, blood formation 
may take place in other regions, e.g, liver and spleen. In adults, examination 
of samples of marrow aspirated from the sternum or iliac crest during life 

^ Reticulum cells are found in the adult in lymph nodes, spleen, bone marrow, and 
subcutaneous tissue. In the quiescent state they form a sync3rtium and are closely 
associated with reticulum fibres, also called argyrophil fibres because they reduce and 
are thus stained by silver salts. The framework of bone marrow, lymph nodes, and 
splenic pulp consists of reticulum cells and fibres. When appropriately stimulated the 
cells differentiate along various paths ; as explained on p. 215, they give rise to the pre- 
cursors of all varieties of white cells, i.e. myeloblast, lymphoblast, and monoblast. [The 
workers who believe that red cells also develop extravascularly (p. 163) regard the 
reticulum cell as the precursor of the red cell series too.] If stimulated by infection the 
reticulum cells proliferate and give rise to cells which wander in the tissues (and are then 
called macrophages, histiocytes, or wandering cells). 

2 H (B7natopoiesis= foTmattion of blood cel& ; leiicopoiesis^formsMon of white blood 
cells ; granulopoiesis—fovm&tion of granular wldte cells ; erythropoiesis=foTm&tion of red 
blood cells; erythroid cells =red cells and their precursors (also called collectively the 
erythron ) ; mydoid cells— white blood cells and their precursors. 

6 
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gives much information about the state of marrow activity. Post-mortem 
the sternum, a rib or a vertebra is examined when diminished marrow activity 

is suspected ; the shaft of a long 
] bone is generally studied when 
evidence of extension of hsema- 
topoiesis is sought. 

(2) Vascular Arrangement.— 
The nutrient artery of the bone 
breaks up into smaller branches, 
which lead to a network of inter- 
communicating sinusoids. These 
vessels are hned by a thin endo- 
thelium (like capillaries elsewhere) 
but when dilated have the capacity 
of large veins. Many of the sinu- 
soids under normal conditions are 
completely collapsed and quite 
impermeable to blood ; they can 
only be demonstrated when the 
cellular elements of the marrow 
have disappeared (v. infra). The 
injection of Indian ink into the 
nutrient artery then reveals these 
vessels as minute black streaks 
lined by very thin endothelial 
cells between every few fat cells 
(Fig. 92). Other vessels, however, 
are widely dilated and the blood flow through them is in consequence very 
slow. Some authorities believe that the collapsed sinusoids are the site of 



Section 

(Pigeon) 


Fig. 92. — Sinusoids of Bone Marrow, 
of Hypoplastic Bone Marrow 
injected with Indian Ink. 

Three venous sinusoids (V.S.) are filled with the injection 
mass ; extending between them are collapsed 
sinusoids marked by fine lines of particles of carbon 
between double rows of excessivdy thin endothelial 
cells. R— reticulum cell. (Doan, Cunningham, and 
Sabin 


MATURATION IN ERYTHROCYTE SERIES. 


Key to Plate II. 

1. Early normoblast [megalohlastl. 

2. Intermediate normoblast [erythroblast]. 

3. Late normoblast [ruyrmoblast'l. 

4. FolychromatO'pTiilic erythrocytes or polychromatocytes : young erythrocytes, still retaining 

some of the basophil staining reaction as well as the reddish haemoglobin background. 

5. Punctate basophilic stippling, with black or bluish granules in the cells. This is usually 

seen in severe anaemia and in toxic disturbances. 

6. Hypochromic erythrocytes : cells often have only a ring of haemoglobin at the periphery, 

and are usually small. 

7. Cabot rings : remnants of nuclear membrane appearing as circles or figures of eight 

in the cells. 

8. Howell-J oily bodies : nuclear remains of varying size staining dark blue or black. 

9. Reticulocytes : young erythrocytes, staining with a vital dye such as cresyl blue. 

10. Normal mature erythrocytes [normocytes']. 

11. Masrocytes and microcytes : cells larger and smaller than normal. 

12. Poikilocytes : cells of abnormal shape. 

13. Sickle cells : in sickle cell anaemia the sickle shape is produced by depriving susceptible 
fresh cells of oxygen or exposing them to carbon dioxide. 

R^roduced from Plate I,Blackfan, Diamond and Leister of the Blood. The Commonwealth Fund, 

New York, 1944. 
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erythropoiesis and therefore call them erythropoietic capillaries. If this view 
is correct then erythropoiesis throughout life is intravascular. Most workers 
claim on morphological grounds that in man erythropoiesis in the red 
marrow is extr avascular ^ the red cell precursors being the reticulum cells 
(p. 161) ; but they do not explain how the newly formed, non-motile red 
cells migrate to, and pass through, the intact endothelium of the marrow 
sinusoids. The site of erythropoiesis probably varies with the species (infra). 
(Leucopoiesis is always extravascular (p. 215).) 

(3) Functions of the Ebd Maeeow. — These are (i) development of 
red blood corpuscles (infra) ; (ii) development of granulocytes and to a 
less extent of monocytes and lymphocytes (p. 215) ; (iii) development of 
blood platelets (p. 155) ; (iv) destruction of red cells by macrophages which 
constitute part of the lining of the blood sinuses (and are therefore also called 
littoral cells (p. 187). 

(4) Experimental Methods of Study. — Normal red marrow contains 
many types of cells which are so closely crowded together that a study of 
their inter-relationship is very difficult. To facilitate interpretation of the 
microscopic appearances the marrow is artificially simplified. If a pigeon 
is starved for 10-17 days all the cellular elements disappear from the red 
marrow, which now resembles normal yellow marrow. When feeding is 
resumed erythropoiesis soon reco m mences and can be studied satisfactorily. 
After a longer interval granulopoiesis begins again. 

(5) Cytologioal Methods.— (i) Smears of living marrow and blood cells 
may be stained (vital staining) with Janus green and neutral red ; the former 
stains the mitochondria and the latter the cell granules, (ii) Fixed marrow 
sections, marrow smears or blood films are stained with eosinate of methylene 
blue (Leishman’s stain), to show nuclear details and the basophilia or eosino- 
philia of the cytoplasm (see Plate II). (iii) Living erythroid cells may also 
be stained with cresyl blue to demonstrate the presence of a reticulum in the 
cytoplasm (p. 165 and Plate II). 

Stages of Erythropoiesis. — In certain species when red cell formation is 
actively taking place many of the marrow sinusoids which were previously 
patent become collapsed ; the local blood flow is dimimshed, and this intensifies 
the anoxia which in turn'favours erythropoiesis (cf. p. 194). ^ The endothelial 
lining of the collapsed capillaries becomes swollen, (Merentiates and divides 
repeatedly to give rise to increasingly mature red cells which ffl the sinus 
completely ; the yoxmg cells lie externally near the lining of the sinus, and the 
more mature cells lie in the centre. The surface membranes of the immature 
nucleated red cells are “ sticky,” so that the cells adhere to one another, 
forming a solid mass. As the cells become mature and lose their nuclei the 
surface membrane is altered so that the corpuscles begin to separate one from 
the other. The plasma then percolates between the cells, which are finally 
swept out of the erythropoietic capillaries into the veins of the marrow, and 
so into the general circulation. ^ ^ ^ j? 

The account of erythropoiesis given above is based on studies of expen- 
mental animals ; but as already mentioned eryt^opoiesis in man probably 
takes place extravascularly from the transformation of reticuluna cells. 

There is, unfortunately, no internationally accepted tenmnology for the 
intermediate forms between the endothelial cell and the rnatine 
The current British terminology (which wfil be used m this book) and that 
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of Sabin, wMch is in general use in America, are compared in the Table 
below. 
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Early normoblast. 
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+ 
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IV. 

Late normoblast. 

Normoblast. 

Eosinophil. 

i 
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Reticulocyte. 

Reticulocyte. 





Erythrocyte. 

Erythrocyte. 





1 Davidson’s terminology (cf. Fig. 110), 


The British workers use the term erythroblast to include all nucleated red 
cells, normal and pathological ; they restrict the term “ megaloblast ’’ to the 
characteristic nucleated red cells found in the marrow in cases of pernicious 
anaemia. Normal erythropoiesis is called normoblastic ; the type of erythro- 
poiesis found in pernicious anaemia is called m^aloblastic (p. 196). Cell stages 
II, III, and IV in the red marrow of pernicious anaemia are called early, 
intermediate, and late megaloblasts. 

The Table shows that most of the nucleated erythroid cells in the marrow 
are the later, more mature forms (intermediate and late normoblasts) which 
are normally being steadily transformed into erythrocytes ; in times of stress 
the final process of maturation is speeded up leading to the rapid discharge 
of young red cells into the circulation. 

Cytology of Er 3 rthroid Cells (Plate II and Fig. 93). — In general, 
developing marrow cells (myeloid or erythroid) show the following changes : 
the cells decrease in size and the cytoplasm becomes relatively more extensive ; 
nucleoli disappear and the chromatin becomes progressively coarser; the 
cytoplasm becomes less basophilic and the pigment or granules characteristic 
of maturity appear. Developing red cells stained with Leishman’s stain 
present the following appearance : .• ; 

(1) Stage I, Proerythroblast (Megaloblast). — This early cell, which 
is derived from the endothelium, is large (diameter 15-20 ii ) ; the cytoplasm 
is a deep violet-blue and there is a small crescent, showing paler staining, 
round the nucleus ; the cell is devoid of hsembglobin. The nucleus is large 
(12 fx) occupying about three-quarters of the cell volume and the chromatin 
forms a fine stippled reticulum and contains several nucleoli ; it develops 
into the early normoblast. The proerythroblast only shows mitosis in states 
of stress. 
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(2) Stage II, Eaely Normoblast (Early Erythroblast). — This cell 
is somewhat smaller and shows active mitosis ; the nucleoli have disappeared 
and the chromatin network is fine and shows a few nodes of condensation. 

(3) Stage III, Intermediate Normoblast (Late Erythroblast). — The 
cell is still smaller (diameter 10-15 jw) and shows active mitosis ; the resting 
nucleus shows further condensation of the chromatin; haemoglobin is 
beginning to appear, its eosinophil staining giving the cytoplasm a poly- 
chromatic appearance. 

(4) Stage IV, Late Normoblast (Normoblast). — This cell represents 
a maturation of the previous stage ; mitosis has now ceased ; the ceU diameter 
is 7-10 ix ; the nucleus is small, the condensed chromatin assuming a “ cart- 
wheel ” appearance and finally becoming uniformly deeply stained (pyknotic). 
The hsemoglobin accumulates to its 
maximum level, the cytoplasm giving 
an eosinophil reaction as a result. 

Pyknosis is a stage in the degeneration 
of the nucleus which breaks up and 
finally disappears owing to extrusion 
or lysis ; a young red cell (reticulo- 
cyte) is thus formed. 

Maturation of the erythroblasts 
thus involves a decrease in the size of 
the cell, increased condensation and 
finally pyknosis of the nucleus, accumu- 
lation of hsemoglobin, and a change in 
staining reaction of the cytoplasm 
from basophil via polychromatophil to 
eosinophil. 

(5) Reticulocyte. — The , ,.ypTmg 

red cell is so called because on vital 
staining with cresyl blue a network or 
reticulum is apparent in the cytoplasm 
in the form of a heavy wreath, or as i^g.93. — Chart showing Stages in Develop- 
clumps of small dots, or as a faint ment of Red Blood Corpuscles, 

thread connecting two small nodes. 

{All the nucleated 'precursors of the reticulocyte (erythroblasts) also give 
this staining reaction.) The reticulum probably consists of remnants of the 
basophil cytoplasm of the immature ceU (chemicaUy the reticulum is made 
up of ribose-nucleic acid).^ As the red ceU ages, the reticulum disappears. 
In the new-born, 30-50% of the red cells in the circulation are reticulated ; 
the number falls during the first week to less than 1%, at which level 
it remains throughout life. Their number is increased whenever red cells 
are being rapidly manufactured. For example, if haemolytic poisons are 
injected intravenously to destroy the circulating red cells, the marrow 
proliferates, and numerous young red cells pass into the blood stream 
1 If red cells are stained with eosin and methylene blue the presence of the reticulum 
in the young cells (reticulocytes) leads to a difPose bluish st ainin g of the cell — 
chroTTiator^hilicL. In pathological states this stained basophil matenal is sometimes present 
in clumps which appear as discrete blue particles. This^ finding, ^ known as basophil 
punctation (or punctate basophilia) (Plate II, 6), is especially obvious after poisoning 
with lead. 
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(Fig. 97) ; it is then found that 25-35% of the circulating red cells are reticulo- 
cytes. An increase in the reticulocyte count (reticulocytosis) is the first blood 
change noted when pernicious ansBmia is treated with liver extract (p. 198). 

(6) Nobmal Red Cell.^— This is a circular, non-nucleated biconcave disc ; 
it is markedly elastic and can undergo astonishing deformation when passing 
through narrow capillaries. 

The 'permeability of the red cell membrane is fully discussed on p. 7. 
The membrane is freely permeable to Na+, K+ and CT ; in spite of this fact, 
however, the Na^ and the Cl' content of the red cell is low though that of the 
plasma is high ; and the K+ content of the red cell is high though that of the 
plasma is low. The red cell, using energy derived from glycolysis, ‘‘ pumps ’’ 
!N'a+ and probably CT into the plasma ; secondarily the non-penetrating 
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Fig. 94. — ^Diameter of Red Blood Corpuscles in DijBFerent Conditions. (Price- Jones). 

A«H»moirliagic Ansemia (mean 6*86 /a). 

B— Normal (mean 7*21 /a). 

CBPemicions Anamia (mean 8*24 /x). 

anions in the cell (protein and organic phosphate) retain the K+. The com- 
position of red cells is compared with that of plasma in Fig. 5. When cell 
metabolism ceases, as in cold-stored blood, the ions move between the cells 
and the plasma according to their concentration gradients (p. 8). When 
the CO 2 tension in blood rises, HCOg' moves out of the cell into the plasma 
while Cr moves in the reverse direction (chloride shift, p. 420). 

Diameter , — The average diameter of the red cells in health is 7-3 p, the 

1 Jacobs, Ann, N, Y, Acad, 8ci,t 1960, 60, 824 ; Waugh, ibid,, 836 ; Ponder, ibid,, 1947, 
48, 61Q, 
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RED CELL FRAGILITY IN DISEASE 

Fragility in Disease. — To understand the changes in fragility that take 
place in abnormal states we must consider in detail the sequence of events 
when red cells are placed in hypotonic saline. Fig. 96 gives representative 
values for the diameter (7*6 ^), thickness (1*9 /a), volume (86 ju^), and surface 
area (138 of a normal red cell. When it is placed in hypotonic saline, fluid 
flows into the cell and it becomes more spherical, the diameter diminishing 
somewhat and the thickness increasing considerably. If the volume and 
surface area changes are considered the results are somewhat unexpected. 
When a biconcave disc-hke cell is converted into a sphere of equal volume 
its surface area is reduced ; therefore, as the red cells become more spherical 
^ hypotonic saline they can accommodate the additional fluid at smaller 
surface areas. Finally the cell becomes fully spherical and attains its 



Fig. 96. — Quantitative Estimation of Fragility of Bed Blood Corpuscles. 

A-V— normal limits; A=arterial blood; V— venous blood; Spl—after splenectomy; 

A. J.«= acholuric jaundice (congenital haemolytic jaundice) (cf. Fig. 96 and p. 229). 

(After Whitby and Hynes, J. Path. Boat., 1935, 40.) 

Abscissa = concentration of NaCl employed for diluting corpuscles. 

original surface area with a greatly increased volume (e.ff. 152 ju^ instead 
of 86 /w®, or +77%). The membrane cannot stretch, so that if there is further 
inflow of fluid beyond this point, rupture takes place and haemolysis occurs. 

The behaviour of a red cell in hypotonic saline depends then on the initial 
ratio of surface area to volume and not on the absolute size of the cell. The 
greater this ratio the larger the additional volume that can be accommodated 
in a sphere of equal surface area, and conversely. 

In some anaemias when one dimension of a red cell is altered, the other 
alters proportionately ; in such cases fragility is unaffected. But in other 
anaemias the mean ceU diameter is increased, while the thickness is decreased 
(Fig. 96). In idiopathic hypochromic anaemia ceU volume, diameter and 
thickness are usually all decreased ; sometimes however the decrease in 
thickness is relatively more marked and in extreme cases this gives the 
stained cell an appearance which has suggested the name of target cell.’’ 
These thin cells can swell by +128% (Fig. 96, 1) before rupture occurs ; they 

6 * 
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can tlins withstand the action of a more hypotonic saline and are said to show 
diminished fragility. Haemolysis may begin only at 0*36% saline and may 
not be complete until 0-24:% solutions are used. Conversely, in congenital 
haemolytic jaundice (acholuric jaundice) (p. 229) the cells have a smaller 
diameter {e.g, 6*4: //, but are fatter (thickness 24 g), i.e. they are spherocytic 
(spherocytes) (Fig. 96, 3). The ratio of surface area to volume is subnormal. An 
increase in volume of only 30% (from 77 to 101 p^) converts them into fully 
distended spheres at which stage rupture occurs. They are said to show 
excessive fragility, ^.e. they rupture in the higher (more concentrated) saline 
solutions that do not cause the rupture of normal cells ; thus haemolysis may 
begin in 0*7% saline and be complete at 045% (Fig. 95). The term high or 
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FLAT CELL 

HYPOCHROMIC 

AN/^MIA 


VOLUME 
SURFACE AREA 


INITIAL 


1-5/4-T 
8-2/4- 0 


VOLUME IF 
CONVERTED 
INTO A SPHERE 


5-0/4 



71/4^ 71/4^ 

143 / 4 ^ 80 / 4 ^ 


VOLUME OF SPHERE WHEN 
AREA IS BACK TO INITIAL 
VALUE & H/EMOLYSIS ENSUES 


6*8/4 


I62/4.^^(+ 128%) 
143/4.^ 



2 NORMAL CELL 


1-8/4-T 

7-6/4-D 





VOLUME 86/4^ 86/43 152/43 (+ 77 %) 

SURFACE AREA 138/4 ^ 85/4 ^ 138/4 2 


SPHEROCYTE 
7 CONGENITAL 
HEMOLYTIC 
ICTERUS 

VOLUME 77/43 77^3 101/43(+31%) 

SURFACE AREA \05 m^ 85 jU^ I05/«2 

Fig. 96. — ^Relation of Red Cell Volume to Surface Area in Different 
Conditions. (Haden, Symposium on Bloody 1939.) 

T= thickness, I>= diameter, of red cell. 

low fragility gives no information about the state of the cell membrane. The 
membrane is not stretchable and does not show varying resistance to distension 
in health or disease. The fragility of red cells in hypotonic sahne is related 
to cell shape ; the practical rule is that flat long cells withstand weak NaOl 
solutions, fat short cells (spheroc}^es) rupture in stronger NaCl solutions. 
Fragility results should always be interpreted in this manner. 

Cells of venous blood are slightly more fragile than cells of arterial blood 
in the same normal subject (Fig. 95) owing to a slight spherocytosis of the 
venous cells. 

The effects of splenectomy on red cell fragility in normal subjects and 
disease conditions are dealt with on pp. 229, 231 (cf. Fig. 95). 

Action op HiEMOLYSiNS.^ — Haemolytic sera can be prepared by injecting 
red cells repeatedly into another species. Thus, if guinea-pig red cells are 
1 Dameahek, Ann. N.Y. Acad. Sot., 1947, 48, 686. 
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injected into rabbits, the serum of the latter will contain haemolysins to 
guinea-pig cells. If such hsemoljtic sera are injected into guinea-pigs the 
first effect on the ^ blood is increased spherocytosis of the ceils as shown 
by a decrease in diameter, an increase in thickness, and increased fragility 
in hypotonic saline. Subsequently haemolysis takes place, its degree {i,e. 
the extent of fall in red cell count) depending on the amount of initial sphero- 
cytosis. The red marrow responds by increased activity, turning out young 




Fig. 97. — ^Action of Haemolytic Sera on Red Blood Cells. 

Experiments on guinea-pigs. Inject daily 0*2 c.c. of serum containing hsemolysin against guinea-pig 
red cells. 

A. Note development of progressive ansmia (fall of haemoglobin and red ceU count) and active response 

of red bone marrow as indicated by the increase in the reticulocyte count. Spherocytosis develops 
with the progress of the anaemia. 

B. Note the progressive decrease in red cell diameter (spherocytosis) which is proportional to the in- 

creased fragility of the cells in saline solutions. (Dameshek and Schwartz, Amer. J. rned, Sci., 1938, 

m,) 

red cells (reticulocytes) in large numbers and finally restoring the blood to 
normal (Fig. 97, A and B). 

Hjemolytic Anjemia in man may be divided into five groups : 

(i) The cells are defective in structure and, therefore, especially prone to 
succumb to the normal hasmolytic processes of the body : e,g. pernicious 
ansemia (p. 196), congenital haemolytic jaundice (p. 229), sickle cell anaemia 
and Mediterranean anaemia. 

(ii) The red cells are normal in structure but are destroyed excessively, 
together with leucocytes and platelets, by an abnormally acting spleen, e.g, 
in the panocytopenia of so-called hypersplenism (p. 230). 
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(iii) Resulting from the action of known simple or complex lysins intro- 
duced from without : arseniuretted hydrogen, snake venom, streptococcal 
haemolysin. 

(iv) Resulting from the action of biological hsemolysms of uncertain 
nature, usually elaborated by the patient himself ; paroxysmal hsemoglob- 
inuria (p. 177), nocturnal haemoglobinuria, erythroblastosis foetalis (p. 180). 

(v) Atypical obscure haemolytic anaemia. Bloods of the fourth group and 
some of the Mth group give positive Coombs tests. 

Coombs test — Autohaemolysins of the type described are globuhn in 
nature, adsorb strongly on to the red cell and unlike the normal globulins 
of the blood plasma cannot be removed by washing with saline. Hence 
when the affected cells are exposed to the serum of a rabbit immunized 
against human globulin, they are clumped, while normal washed cells 
are unaffected ; this is the direct test. If the haemolysin is free in the 
plasma of the patient, it will adsorb on to normal compatible red cells (if 
brought in contact with them). These will probably not be lysed but even 
after washing with saline will clump on the addition of anti-human-globulin 
rabbit serum ; this is the indirect test. The tests have a diagnostic value in 
erythroblastosis foetahs (p. 180). 

Sedimentation Rate^ of Red Blood Corpuscles.^ — If blood (kept 
fluid by means of an anticoagulant) is allowed to stand in a narrow tube 
the corpuscles settle progressively to the bottom while the plasma rises to the 
top. The rate at which this takes place is very constant in health and is 
known as the sedimentation rate. The corpuscles settle because their density 
is greater than that of the plasma. Setthng is resisted by the viscosity of the 
medium ; the retarding force so exerted varies directly with the surface area 
of the falling particles. Cells allowed to stand outside the body tend to aggre- 
gate to form rouleaux (cells piled one on top of the other, a condition which 
must be distinguished from agglutination (p. 176) where the cells are ir- 
reversibly clumped together and cannot be separated) ; as they do so, the 
ratio of mass to surface area in the enlarged particles increases, and as a 
result they sink with greater rapidity. Thus if a red corpuscle is regarded as 
a short cylinder of diameter 8 ft and height 2 ft, its surface area would be 150 
sq. ft ; ten discrete corpuscles would have a surface area of 1500 sq. fM. If, 
on the other hand, these corpuscles were piled on top of one another to 
build a rouleau the total free surface exposed to the plasma is only 600 sq. ft 
with corresponding speeding up of sedimentation. Fundamentally, there- 
fore, the rate of sedimentation varies with the speed of rouleau formation. 
The factors controlling this process outside the body are not fully known, but 
the most important is the composition of the plasma : fibrinogent other 
globulins^ and certain products of tissue destruction increase the sedimentation 
rate ; albumin reduces it.^ Fibrinogen is the principal single factor : the 
sedimentation rate of defibrinated blood or of the blood of patients in whom 
the fibrinogen is absent is extremely slow ; this point is well illustrated 
in Fig. 98. Conversely, one finds clinically that the sedimentation rate is 
faster whenever the fibrinogen level is raised. 

^ Ham and Curtis, Medicine^ 1938, 17, 447. [E.S.R.=erythrocyte sedimentation rate.] 
^ * With, higher red cell counts the sedimentation rate is normally slowed down, and 
this has to he allowed for when examination is being made of blood with abnormally 
high or low counts. 
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To determine the sedimentation rate, a long, narrow graduated tube is 
filled with citrated blood to the 10 cm. mark and kept at a temperature of 
22-^27° C. At the end of one hour the upper level of the red cells is read and 
the height in mm. of the column of clear plasma is noted. Normally the height 
of this column is 0-6*5 mm. in 90% of normal males and 0-12 mm. in normal 
females ; the more rapid sedimentation in females is due to their lower red 
cell count. The average for males is 4 and for females 8 mm. The sedi- 
mentation rate is speeded up in pregnancy from the third month up 
to parturition. In pathological sta^s 
the sedimentation rate may exceed 
50 mm. 

The sedimentation rate is Tisually 
unaffected in diseases without infiam- 
mation or tissue destruction. It is 
grossly increased in conditions associ- 
ated with inflammation or tissue 
destruction, such as acute or chronic 
infections (local or general) of any 
severity, or severe trauma. This in- 
crease is usually associated with an 
elevated fibrinogen level and occasion- 
ally a rise in globulin. The presence 
of an increased sedimentation rate 
suggests organic disease, even in the 
absence of other signs ; the finding, 
however, is quite non-specific and 
gives no indication of the nature of 
the disease. The main value of 
sedimentation rate determinations is 
in assessing prognosis or in judging 
progress or the effects of treatment. 

A rising sedimentation rate suggests 
worsening of the condition or heralds 
the onset of complications. In tuber- 
culous infections and also in rheumatic 
fever, the sedimentation rate is widely 
employed to judge the course of the 
disease.^ 

The sedimentation rate, is increased 
in nephrosis. In this condition the 
serum albumin is considerably reduced ; the serum globulin is generally 
increased when there is pronounced lipsemia ; (the Hpides in the serum are 
attached to the globulins). . , , . 

Hsemoglobin.2 — Hsemoglobin consists of the prpteinjfeoiJi uiuted with the 
pigment hmm, Hsem is an iron-containing porphyrin known as iron-protopor- 
phyrin tX. The porphyrin nucleus consists essentially of four pyrrol rings 

1 For general theoretical discussion, see Fahrseus, Lancet, 1939, ii, 630. 

2 Rimington, Lancet, 1951, ii, 651. Dobriner and Rhoads, Physiol, Rev,, 1940, 20, 416. 
Theorell (Haemoproteins), Recent Advances in Enzymology, 1947, 7, 265. GMnick and 
Gilder (Tetrapyrrols) ibid,, 305. 



Fig. 98 — ^Effect of Plasma Fibrinogen 
Level on Sedimentation Rate of Red 
Blood Cells. 

Observations on boy with congenital absence of 
fibrinogen. 

Ordinate : sedimentation rate in mm. (expressed 
as height of column of clear plasma) read at 
end of 2 hours (upper curve) and at end of 
1 hour (lower curve). 

A series, of fibrinogen concentrations was pre- 
pared by mining varying proportions of the 
patient’s plasma with normal plasma. 
There is a negligible sedimentation rate in 
the absence of fibrinogen ; note the pro; 
gr^sive increase in the sedimentation rate 
\ritfa’ ' increasing fibrinogen concentration. 
(Eedrawn &om Oakley, Lancet, 1938, ii, 
312.) 
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CHEMISTRY OF HEMOGLOBIN 
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joined together by four methine | “ bridges ” ; the porphyrins are thus 

H 

tetrapyrrols. The “ skeleton ” of the formula of haem is shown in Fig. 99 ; 
the pyrrol rings are numbered I, II, III, IV ; the carbon atoms of the methine 
bridges are labelled a, i?, y, <5 ; the positions to which side chains are attached 
are numbered 1-8. The side chains at the respective positions are : 1, methyl 
(— CHg) ; 2, vinyl (— CH^CHa) ; 3, methyl ; 4, vinyl ; 5, methyl ; 

6, propionic acid (—CH 2 .CH 2 .COOH) ; 7, propionic acid ; 8, methyl. Thus 
side chains 1, 3, 5, and 8 are methyl ; 2 and 4 are vinyl ; 6 and 7 are pro- 
pionic acid. 

The iron in hsem. is in the ferrous (Fe"^) form. The iron is attached to 
the N of each pyrrol ring and to the N of the iminazol group in the associated 
globin ; a ‘‘ bond ’’ is available for loose union with Og (in oxyhcemoglohin) 



Fig. 99. — Chemistry of Ha3m (Iron-Protoporphyrin IX). 

A. Pyrrol ring in full. 

B. Pyrrol ring, conventional outline. 

Hsem : Pyrrol rings are numbered I, II, III, rv. C atoms of methine 
bridge are labelled a, jS, y, S. Side chains are numbered 1-8. 

or CO (in carboxyhcemoglobin). In reduced haemoglobin this place is occupied 
by an OH group. 

The haem- is further attached to the globin by a link between each of the 
two propionic acid side chains and basic groupings in the globin. 

Th^moleculair weight of haemoglobin is 68,000. When treated with 
alkali and a reducing agent, a substance called hcBmochromogen is formed with 
a molecular weight of 17,000. Haemoglobin may thus represent the product 
of condensation of four haemochromogen molecules. 

The property which haemoglobin possesses of combining loosely with 
oxygen and other gases depends on the presence ol ferrous iron. Each atom 
of Fe++ combines with one molecule of Og or CO. 

When reduced or oxygenated haemoglobin is treated with an oxidizing 
agent, the is oxidized to ferric iron (Fe+++) ; the sixth bond is attached 
to OH. The compound is called methcBmoglohin ; it cannot unite reversibly 
with gaseous oxygen ; the 0 of the attached OH is not given off in a vacuum. 
Eeduced haemoglobin is commonly represented as Hb ; oxyhaemoglobin as 
HbOa ; methaemoglobin may be represented as HbOH. 
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Normal Blood Haemoglobi . — In males the average haemoglobin 
content of blood is 15-8 g. per 100 c.c. ; in females 13-7 g. The average, 
irrespective of sex, is U-5 g. In 
90% of normal males the range is 
14-18 g. and in females 12-15*6 g. 

At birth the haemoglobin con- 
centration is 23 g -% ; by the end 
of the third month it has fallen 
to well below normal (average 
10*5 g.) (cf. p. 207) ; recovery 
then gradually takes place and at 
the end of the first year the haemo- 
globin reaches about 12*5 g-% 

(Fig. 100). 1 g. of Eb when fully 
saturated combines with 1*34 c.c. 
oxygen, so that the haemoglobin 
concentration is an index of the 
oxygen-carrying power of the 
blood.i 

Functions of Hjemoglobin. 

— (1) It is essential for oxygen 
carriage (p. 409). 

(2) It plays an essential part 
in the transport of CO^ (p. 414) 
and in the regulation of blood 
reaction (p. 93). 

The. inclusion of haemoglobin 
in the corpuscles gives certain 
advantages. If it were dissolved 
in the plasma it would increase 
its viscosity, and raise its osmotic 
pr^sufe by about 100 mm. Hg, 
and so entirely derange the 
mechanism of water interchange 
between the capfilaries and the 
tissuA“spaces (p. 18). Further, 

fre^ haemoglobin is excreted by the kidney and taken up and d 

by Jfee reticulo-endothelial system (p. 187). Certain important 



Fig. 100. — Changes in Haemoglobin Concentra- 
tion during First Year of Life. (Mackay, 
Arch. Dia. Child., 1933.) 

Hsemoglotin (on ordinate) = Haldane Scale. Normal 
hsemo^obin* values on a satisfactory diet {infants 
receiving added iron). The lower average values 
(both for breast-fed and artificially-fed babies) 
are due to inadequate nulrition. 


^ Clinically haemoglobin concentrations are not usually expressed as above, in g. 
per 100 c.c. blood, but in relation to an arbitrary normal standard called 100% haemo- 
globin.” The actual concentration of haemoglobin to which this corresponds varies with 
the author ; thus for Haldane “ 100% haemoglobin ” meant 13*8 g. per 100 cc. ; 50% 
haemoglobin thus meant Jx 13*8 g.=:6*9 g. per 100 cc. The Haldane standard has recently 
been re-examined and it has been found that 100% really corresponds not to 13*8 but to 
14*8 g. of haemoglobin per 100 cc. Previous conversions of “ Haldane estimations ” to g. 
of haemoglobin must all be altered in the light of this finding. On the Sahli scale, 100% 
haemoglobin means 27*3 g. per 100 cc. The expression “ per cent, haemoglobin ” is 
therefore meaningless unless the standard adopted is known ; in any case it is a most 
misleading and undesirable form of terminolo^ and ought to be abandoned. At the 
moment this atdvice is counsel of perfection, as me use of the term is too deeply ingratined. 
In this book the Haldane standajd is probably referred to when the expression “ haemo- 
globin per cent.” is mentioned. 
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BLOOD GROUPS 


ions (Cr and HCOg' especially) between plasma and red cells depend on the 
fact that haemoglobin is enclosed in a cell bounded by a membrane with 
characteristic properties (p. 166). 

Factors concerned in hcBfnoglohin formation are summarized on p. 194. 
BLOOD GROUPS 

Blood Groups.^— Three main groups of ‘‘ factors ’’ are present in human 
blood cells which enable the cells of different individuals to be differentiated ; 
these factors have great clinical, medico-legal, and genetical interest. The 
groups are : 

(i) A, B, and 0. 

(ii) Rh (Rhesus) factors. 

(iii) M and N, 

Classical (A, B, O) Blood Groups. — Human beings can be divided 
into four main groups according to the presence (or absence) in their red 
cells (and in certain tissue cells) of the substances called A, B, and 0 : 
42% contain substance A ; 9% contain substance B ; 3% contain substance 
AB ; 46% contain substance 0. The percentage distribution given above is 
for Western European peoples.^ The groups are correspondingly called 
group A, group B, group AB, and group 0. More refined analysis shows that 
substance A can be subdivided into two sub-groups called A^ and Ag ; A^ 
includes 75% of all group A, A 2 forms 25%. Group AB is similarly divided 
into AjB and AgB. 

A and B are called grouf specific substances and chemically are poly- 
saccharides ; they are also agglvMnogens, i.e. in the presence of a suitable 
antibody called an agglutinin, agglutination or clumping of the red cells 
occurs. The agglutinin acting on agglutinogen A is called a or anti-A ; the 
agglutinin acting on agglutinogen B is called ^ or anti-B. [These agglutinins 
are also called isohcemagglutinins,} Group specific substance 0 does not 
normally act as an agglutinogen and there is no corresponding agglutinin ® ; 
group 0 cells are not agglutinated by agglutinins aor p. 

The so-called Landsteiner’s law states the following.: if an agglutinogen 
is present in the red cells of a blood, the corresponding agglutinin must be 
absent from the plasma ; if the agglutinogen is absent the corresponding 
agglutinin must be present. The first part of this law is a logical outcome of 
the situation, for if both agglutinogen and agglutinin' were present the cells 
would be agglutinated. The second part is a fact but not a necessary sequence, 
for when the agglutinogen is absent from blood the agglutinin might well be 
absent too. In fact absence of Rh agglutinogen is not normally accompanied 
by presence in the plasma of the anti-Rh agglutinin ; similarly absence of 
M or N substance is not accompanied by the presence of anti-M or anti-N 
in the plasma. It is only in the case of the A, B, 0 blood groups that absence 
of A is associated with the presence of anti-A (a) and the absence of B with 
the presence of anti-B (p). The finding is strange and at present inexplicable. 

1 Wiener, Blood Groups, Springfield, 3rd edn., 1943. Symposium, Ann, N. J, Acad, 
Sci,, 1946, 46, 883-992. Race and Sanger, Blood Groups in Man, Oxford, 1960. 

* Some of the Eastern European peoples show a higher proportion (up to 20 per cent.) 
of Group B. Pure American Indians belong almost exclusively to Group 0. 

® Very rarely, after repeated transfusions, group 0 cells evoke an irregular agglutinin 
.anti-0) in susceptible recipients. 
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If the serum of the four classical groups is examined, the agglutinins are 
found to be distributed as follows : Group A contains p ; Group B contains 
a ; Group AB contains no agglutinin ; Group 0 contains a and jS. The full 
description of the four groups taking into account both agglutinogens and 
agglutinins would be, therefore : Aj? ; Ba ; AB ; OajS. The agglutinin a is 
not a single substance but can be subdivided into and a proper : only 

agglutinates ; a proper agglutinates both A^ and Ag. The relative amounts 
of a proper and vary in the sera of Groups B and 0. 

To determine an individuaTs classical blood group a saline suspension 
of his red cells is mixed on a slide (i) with a test serum containing a, and 
(ii) with a serum containing The results are diagnostic as shown by the 
following table. 


CJells. 

Serum fi*om 
Group A Subject. 

Agglutinin jS 
[anti-B]. 

Serum from 
Group B Subject. 

Agglutinin a 
[anti-A]. 

A . 

— 

+ 

B . 

+ 

— 

AB . 

+ 

+ 

0 . 

— 

— 


-f- =agglntmation. — ==no agglutination. 


When no agglutination occurs the red cells remain separate and evenly 
distributed ; when agglutination occurs the cells are massed together in 
clumps and lose their outline. With high titre (i.e. powerful) agglutinins the 
cells are massed into a few large clumps ; with weaker agglutinins more 
numerous but smaller clumps are formed.^ 

1 The agglutinogens A and B first appear in the sixth week of fcetal life ; their con- 
centration at birth is one-fifth the adult level and it progressively rises during puberty 
and adolescence. Group specific substances A and B are not limited to the red cells but 
are found in many organs : salivary glands and pancreas + + ; kidney, liver, and lungs 
+ j testis. Being water-soluble they appear in the body fluids and in the following 
relative concentrations : saliva and semen, 600 ; amniotic fluid, 175 ; \red ceUs, &-32]; 
tears, 5 ; urine, 3 ; cerebrospinal fluid, 0. 

Only 50% of new-born infants have demonstrable agglutinin, which has simply filtered 
across the placenta from the mother. The specific agglutinins appear at 10 days, rise to 
a peak at 10 years, and then decline. At all ages there are marked variations in agglutinin 
content in different individuals : the range for the “ titre ” (i.e. concentration) of a^lutinin 
a is 8-2048 (most at 128) ; for p, 2-1024 (most at 32). The figures quoted indicate the 
extent to which the serum can he diluted before losing its agglutinating potency ; a high titre 
represents high agglutinin activity. The specific agglutinins act best at low temperatures 
and against well-diluted cells ; with weak sera and high cell concentrations the cells 
may mop up the agglutinin without being agglutinated. 

Non-specific agglutinins may occur clinically which act in the cold (at 0°— 5® C.) and 
not at body temperature ; a person’s cold agglutinins may agglutinate his own red cells. 
In some cases the concentration of the cold agglutinins is sufficiently high to agglutinate 
the subject’s own cells at room temperature. Exposure of the limbs to cold may then 
lead to intravascular hsemoglobinuria {paroxysmal hcsm^lNyinuria)* 
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Relation of A, 3, 0 Blood Groups to Blood Transfusions.— The effects 
of transfusing the blood of any group into the circulation of a member of 
another group can readily be worked out if the following additional points 
are borne in mind. The serum agglutinins of the donor can usually be 
ignored (if their potency is not too high) as they are sufficiently diluted 
by the much larger volume of the plasma of the recipient to produce no 
ill effects ^ and they are also neutralized by soluble agglutinogens which are 
foimd free in the recipient’s body fluids. It follows, therefore, that the 
agglutinogens of the cells of the recipient need not usually be considered. 
Account need only be taken of the effect of the serum agglutinins of the recipient 
on the cells {agglutinogens) of the donor. The following table indicates the 
effects that would be produced by transfusing cells of any group into a 
recipient of any group (the sign + indicates agglutination of the cells and 
incompatibility ; the sign — indicates no agglutination, and therefore 
compatibility) : 


Recipient 

(Agglutinins in serum 
in italics). 

Red Cells of Donor. 

Percentage of 
individuals in 
each group. 

AB 

A 

B 

0 

ABh- no agglutinin (o) . 

- 

- 

- 

- 

AB 3 

A-^rogghitinin ^ . 

+ 

- 


- 

A 42 

agglutinin a . 

+ 

+ 

- 

- 

B 9 

0+ agglutinins 

+ 

+ 

+ 


0 46 


The following important conclusions can be drawn from the preceding 
table. Group A and Group B can only safely receive red cells from Group 0 
and their own group. Group AB contains no agglutinins in the serum and 
has therefore been called the universal recipients. The cells of Group 0 
contain no agglutinogen and are not agglutinated by the members of any 
group ; Group 0 have therefore been called universal donors. The classical 
terms, umversal donor and recipient, are however no longer valid as they 
ignore the complications produced- by the existence of the Rh factors. It 
should be emphasized that the only safe method of determining compatibility 
is to test directly the serum of the recipient against the donor’s corpuscles ; this 
should, whenever possible, be carried out in practice. If carried out as 
described on p. 181, it will safeguard against Rh as well as against ABO 
incompatibihty. 

Rh (Rhesus) Blood Groups.^ — The recently discovered Rh groups are 
of outstanding climcal importance. The original discovery was made as 
follows : red cells of the rhesus monkey were injected into rabbits ; the 

r however, exceptions to this statement, and minor degrees of agglutination 

of the recipient’s corpuscles may occur. 

* Mollison, Mourant and Kace, Bh Blood Groups and their Clinical Effects^ British Med. 
Res. Council Sp. Rep. No. 19, 1948. jj ^ 
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rabbit responds to the presence of an antigen in these cells by forming an 
antibody which agglutinates rhesus red cells. The surprising observation 
was then made that if the immunized rabbit’s serum is tested against human 
red cells, agglutination occurs in 85% of white men ; these people are called 
Rh+ (positive) and their serum contains no Rh antibody. No agglutination 
occurs in 15% ; these are called Rh— (negative) and their serum also 
contains no Rh antibody except in the circumstances explained below. 

There are several varieties of Rh antigen and of Rh antibody ; the 
commonest Rh antigen is called D, and its antibody is called anti-D. Blood 
group antigens are the result of the action of genes which are present in 
the chromosomes. The gene corresponding to the antigen D is also called 
D ; when D is absent from the chromosome, its place is occupied by the 
alternate form {allelomor'ph) called d. A Rh gene is inherited from both the 
father and the mother. If gene D is carried by both sperm and ovum the 
resulting gene composition (genotype) of the offspring is DD ; if the gametes 
carry D and d respectively the result is Dd ; if both gametes carry d, the 
result is dd. DD (called homozygous) and Dd (called heterozygous) are 
both Rh+ ; dd (homozygous) is Rh— . Of the 85% Rh+ English people 
examined, 35% were DD and 48% were Dd; the remaining 2% of the 
Rh+ people had some other genotype containing D. In the case of a 
homozygous father of genotype DD, all the sperm contain D ; with a hetero- 
zygous father of genotype Dd, half the sperm contain D and half d. These 
factors are of importance in relation to the genotype of the child and the 
likelihood of development of haemolytic disease (p. 180).^ 

If red cells containing D are repeatedly injected experimentally into 
subjects, anti-D is formed. The first formed anti-D is called saline 
agglutinin or complete antibody ; in vitro it agglutinates cells containing D 
when they are suspended in saline or in an albumin solution. The later 
formed anti-D is called albumin agglutinin; in vitro it agglutinates ceUs 
containing D when they are suspended in an albumin solution but not in 
saline. But though the addition of “ late ” anti-D serum to D cells suspended 
in saline does not agglutinate them it modifies their properties in anohter 
way : the D cells so treated can no longer be agglutinated in saline by 
‘‘ early ” anti-D. “ Late ” anti-D (albumin agglutinin) is thus called blocUng 
antibody or incomplete antibody , Anti-D is formed in response to intramuscular 
as well as intravenous injections of blood ; the volume of blood injected is 
unimportant : as httle as 0*05 c.c. of blood may lead to stri kin g anti-D 
formation. Variations in individual responsiveness are, however, very great ; 


1 A foUer statement of the Rh groups is as follows : Human red cells may carry certain 
of the agglutinogens C, c ; D, d ; E, e ; as explained below. . , , 

Three of these are always present at a time and the ‘presence of one of a pair excLv^ 
the other : thus Ode and cDE are possible : cdD is not. It follows that eight possible 
arrangements of genes may be carried by the sperm and eight by &e ovum ^rag i^e 
to thirty -two genotypes in all. Of these, only five are co mm on : CBe.CHe ; CHe.cHE ; 
ODe.cde; oDE.cde; and cde.cde. cDE.cDE is rare and the other twenty-six, very r^e. 
Any of -the six agglutinogens C, c ; B, d ; E, e ; might theoteticaUy give r^ to agglutinm^ 
but practically all are very feebly antigenic except I) which is stron^y antigemc and 
readuy evokes anti-D. For this reason CDe.Cde ; CDe.cDE ; cDE.cDE ; CDe^e and 
cDE.cde may be grouped together as the Rh+ group (or group D) evoking anti-D m any 
blood not containing the a^utinogen D, which for practical purposes narrows to 
cde.cde, t.e. the Rh— group or group d. Interaction between these groups covers 98 /o 
of all oases of erythroblastosis foetalis and Rh blood transfusion reactions. 
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thus after a single transfusion of Rli+ blood only 50% of recipients develop 

anti-D. • t-. • 

The serum of Rh— subjects contains no anti-D except m two circum- 
stances : (i) following a transfusion or injection of Rh+ blood ; (ii) in 
women who have undergone one or more pregnancies with a Rh+ foetus 
(infra). 

Rh Factor and Haemol 3 rtic Disease. — The child of a Rh— mother 
(genotype dd) and a Rh+ father (genotype DD) must be Rh+ (Dd) ; if 
the Rh-f father is Dd the offspring may be Rh+ (Dd) or Rh— (dd). If 
the mother is Rh— and the foetus is Rh+, serious complications may occur : 
Cells containing D pass across the placenta from the foetus to the mother ; 
the latter responds by forming anti-D which returns to the foetal circulation 
and tends to destroy the foetal red cells. The degree of damage done to the 
foetus depends on the magnitude of the maternal anti-D response and the 
ability of maternal Rh agglutinins to cross the placenta. Generally no harm 
is done during the first pregnancy ; but serious results may occur in the 
second or later pregnancies depending on the degree of sensitivity of the 
mother. If the mother has been immunized previously by a Rh-f- blood 
transfusion at any time, even in childhood, a dangerously high response may 
occur during a first pregnancy. But it should be emphasized that in most 
cases, agglutinins are not formed and the great majority of matings between 
a Rh— mother and a Rh-f- father result in normal offspring. 

Effects of anti-D on the F<btus. — The changes in the foetus may be 
termed hcemolytic disease (not to be confused with hmmorrhagic states due 
to vitamin-K deficiency, p. 153) because they are due to the destruction of 
the red cells by maternal anti-D. The following are the chief clinical 
syndromes : 

(i) Hydrops Fcetalis : the foetus is grossly oedematous ; it either dies 
in utero, or if born prematurely or at term, it dies within a few hours. 

(ii) Icterus Gravis Neonatorum (Congenital Anosmia of the New-horn ). — 
The infant is born at term ; it is jaundiced (haemolytic jaundice, p. 190) or 
becomes so within 24 hours. There may be no anaemia at birth because 
the excessive red cell destruction is more or less compensated for by an 
intense^ normoblastic response of the marrow, associated with a high 
reticuiopyte. count and the presence of many nucleated red cells in the 
circulating blood (erythroblastcemia ; erythroblastosis fcetalis). The rate of 
red ceP ■ destraction by anti-D is maximal at birth and so anaemia may 
develop in^fte first few days. There may be severe neurological lesions 
involving basal ganglia especially ; they secondarily become stained 
bright yellow with bile pigment (hernicterus) (p. 660) ; the liver may also 
be damaged. Free anti-D (derived from the mother) is present in the infant’s 
blood for at least one week after birth and continues to destroy the infant’s 
cells, though at a dimioishing rate, all this time. 

The best treatment for severe hsemolytic disease is an exchange transfusion 
carried out soon after birth. A catheter is passed along the umbilical vein 
into the inferior vena cava ; small quantities of the infant’s blood are suc- 
cessively withdrawn and replaced by an equal volume of compatible Rh 
negative blood. The infant’s Rh-f- red cells which were doomed to destruction 
are thus removed, frorn the circulaition and the infant’s organs do not have to 
deal with the products of their disintegration ; the infant is given an adequate 
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supply of Rh— red cells which will survive in the circulation for the normal 
length of time. 

Rh Factor and Blood Transfusion. — The following rules should be 
observed. 

(1) No Rh— female at any age before the menopause should ever be 
given a Rh+ blood transfusion if it can possibly be avoided. If she is Rh— 
she becomes sensitized by the injected Rh+ blood and forms anti-D ; she 
is likely to destroy, subsequently, any Rh+ foetus with which she becomes 
pregnant. In other words the transfusion may make her permanently 
sterile. 

(2) Any Rh— woman who has given birth to a child suffering from 
hsemolytic disease is undoubtedly immunized to D and her serum contains 
anti-D. Likewise any Rh— person who is given Rh+ blood may become 
sensitized and the serum may contain anti-D. Anyone whose serum contains 
anti-D will show all the changes attributable to mismatched transfusion if 
they are transfused with a blood, otherwise comjpatiUe, hut (^ntaining B. 

(3) To avoid sensitization it is desirable that Rh as well as ABO testing 
shoidd be carried out whenever possible before a blood transfusion is per- 
formed, whatever the sex of the recipient. 

Direct Cross-matching before Transfusion. — The only sure safe^ard 
against transfusion complications is to match the serum of the recipient 
directly against the cells of the donor. The donor’s cells should be diluted 
with a 20% albumin solution ; under these circumstances the so-called 
anti-Rh albumin agglutinin (p. 179) can also be demonstrated. If the serum 
does not agglutinate the donor’s cells, the donor’s cells are compatible ; if 
the serum agglutinates the donor’s cells, his blood is incompatible. 

Use op Plasma for Transfusion. — ^When comparatively smaH volumes 
of plasma are used its agglutinin content can be ignored because its titre is 
reduced to harmless levels by dilution in the recipient’s plasma. If large 
volumes of plasma are employed the injected agglut in i ns may be harmful. 
It is then wiser to use plasma from which the agglutinins have been removed 
by contact with the corresponding red cells {conditioned plasma). If a blood 
bank is used into which blood of all four groups is placed, the a and p agglu- 
tinins are absorbed by the A, B, and AB cells and thus removed. 

Effects of Incompatible (Mismatched) Blood Transfusions.— TVhen 
whole blood is injected intravenously into patients {blood transfusion), serious 
symptoms and even death can occur if the recipient’s serum contains 
antibodies (a, i?, or anti-D) which agglutinate the donor’s red cells. The 
red cells are first agglutinated and then undergo hcemolysis. The following 
types of clinical reaction occur : 

(i) Inapparent H.®molysis. — The injected red cells are rapidly destroyed, 
the recipient’s blood returning within a week or less to its pre-transfousion 
state. No other symptoms are observed. 

(ii) Post-transfusion Jaundice. — The injected red cells are destroyed 
and the bilirabin formed from the released hemoglobin aooimula^ in the 
blood in sufficient amounts to produce jaundice [hcBmolytio jaundice). The 
amount of urobilinogen in the urine is increased. 

(iii) Sbvebb Eeaction with BLemoglobinubia aito Renal Failuee.^ — 
Soon after beginning the transfusion, perhaps after a few c.c. of blood have 

^ Vavasqnez, J, Paih, BacU, 1940, 41 , 413. 
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been introduced, the patient complains of violent pain in the back or 
elsewhere, and tightness in the chest; these symptoms are attributed to 
the agglutinated red cells forming clumps which block capillaries. The 
masses are then hsamolyzed ; the released hsemoglobin colours the plasma 
bright red ; some of the haemoglobin is converted into the brown pigment 
methaemalbumin (p. 187). With rapid destruction of the hemoglobin, 
bilirubin accumulates in the plasma and stains the tissues {jaundice). 



Fig. 101. — Results of Incompatible Blood Transfusion, 
ftom above do\mwards ; Glimcal signs ; fluid intake (black dots), urine output (clear circles) • 

blood non-protem nitrogen (K.P.N.) in mg. per 100 c.c. 

(recipient) belonged to Group 0 (senun^a/S) ; the donor's cells belonged to group A 

(Goldring and Graef, ArcA. Mfid., 1936 , 55 , 838 .) e 

The volume of urine is greatly decreased. This is due in part to a fall 
of arterial blood pressure {e.g. down to 70 mm. Hg) and perhaps to local 
vasoidar disturbances in the kidneys^ such as closure of the interlobular 
arteries ; the arterial blood is then shunted via the juxta-meduUary glomeruli 
into the medulla and so does not pass through the majority of the cortical 
glomeruli, leading to grave reduction of the glomerular filtrate volume 
(p. 26). If the urine is acid and glomerular filtration is slow, the hsemoglobin 
which is passed out m the glomeruh is precipitated in the tubules possibly 
as acid hsematin, owing to the filtrate becoming acid as it passes down the 
tubule ; the lumen of the tubules is thus obstructed, and the flow of urine is 
1 Miller and McDonald, J. din. Investig., 1961, 30, 1033. 
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serioi^ly' interfered with. In spite of alleviative measures such as injections 
of saline and alkali,^ almost complete dfiUTid may develop (Fig. 101). Owing 
to renal failure the nitrogenous constituents of the blood rise, and a condition 
of latent urcemia results (p. 73). The patient in severe cases may die in 
8-10 days, after developing increasing lethargy and coma.^ In a series of 
cases in which incompatible blood of the ABO groups was given, no death 
occurred when less than 350 c.c. of blood were transfused. 

Inheritance oe Classical Blood Groups.— The four classical blood 
groups depend on three genes named after the corresponding factor, A, B, 
and 0. Each person's blood group is determined by the two genes 
which he receives, one from each parent. Genes A and B are of equal 
strength, and when present together work independently. Gene 0, on the 
other hand, is recessive, i,e. when coupled with A or B it does not ftinction. 
Accordingly : 


If a person receives genes 

TA+A 

4 or 

Ia+0 

B+B 

or 

B + 0 

A + B 

0 + 0 

Bjs blood group is 

A 

B 

AB 

0 

His genotype is 

AA or AO 

BB or BO 

AB 

00 


This information can be used in investigating cases of disputed paternity. 
A baby must receive one of three possible genes (A, B, or 0) from each parent. 
Further, each parent transfers one of two genes to the child : an A parent 
(genotype AA or AO) can give A or 0, a B parent (genotype BB or BO) B or 
0, an AB parent A or B, and an 0 parent (00) 0 only.® 

It follows that : 


If the baby’s 
group is — 

Parents must 

So if mother 

Father could 

have given it — 

was — 

not have been — 

0 


0+0 

No matter which 

AB 

AB 


A+B 

No matter which 

0 



f A+ 0] 




A 


or 


B or 0 

B or 0 



i A + A 
fB+ Ol 




B 

. 

or 

. 

A or 0 

A or 0 



[b + bJ 





The medico-legal value of blood grouping tests is greatly enhanced if the 
MN and the various Bhesus factors are also studied. 

The M and N factors depend on two minor supplementary blood genes. 

1 Owing to failure of salt and water excretion there is a real danger of overtreatment 
with the risk of fluid retention and oedema, especially of the lungs. Attempts at “ flushing 
out the kidneys ” should not be made ; the volume of fluid administered should equal the 
maximum likely to be lost from the and lungs, and excreted by the kidneys. 

2 Whitby, Lancet, 1942, ii, 581. 

® It must be remembered however that the child’s blood may not be set in its true 
ABO type until as late as one year after birth. 
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CHANGES IN STORED BLOOD 


These curiously enough do not elicit an output of agglutinins when injected 
into man and may therefore be ignored in carrying out transfusions. They 
are, however, antigenic to rabbits and agglutinating sera can be prepared by 
injecting human M or N cells into rabbits. 

Bach person carries two of the genes of the M and N group, i.e, M+M 
(=M), N+N (=N), or M+N (=MN). As a result : 


If a baby’s 
supplementary 
group is — 

Parents must 
have given it — 

So if mother’s 
supplementary 
group was — 

Father could 
not have been — 

M 

M + M 

No matter which 

N 

N 

N+ N i 

No matter which 

M 

MN 

M + N 

N 

N 

MN 

M + N 

M 

M 


It should always be remembered that blood grouping tests can never 
prove that any suspected person is the actual father ; they can only show 
that he could not possibly have been the father or that he (like many others) 
might have been. 

Use of Stored Blood. — Whole blood transfusion is the ideal treatment 
for severe haemorrhage when given promptly and in adequate amounts. 
Under war conditions and even for the emergencies of civil practice it is 
advisable to have considerable stores ready at hand. Group 0 blood is 
employed ; it is collected and stored under strictly sterile conditions and 
kept fluid by addition of citrate. Group 0, Rh— blood should be available 
for use in appropriate cases. [The aP agglutinins can be removed from the 
blood by adding the AB specific substances.] 

Red cells undergo rapid changes during storage in simple citrate solutions ; 
they are preserved much longer in the presence of 1% glucose, the amount of 
haemolysis after six weeks’ storage being reduced to one-tenth.^ Glucose acts 
mainly by liberating lactic acid and lowering the pH of the medium (citric 
acid is helpful for the same reason). A satisfactory diluent is : 100 c.c. of 
2% disodium citrate and 20 c.c. of 15% glucose, to which are added 420 c.c. 
of blood. 

The main red cell changes during storage are fully described on p. 7 ; 
owing to the decrease or arrest of red ceU metabolism the ions to which the 
cell membrane is permeable move according to their concentration gradients : 
(i) passes out of the cells into the plasma where the concentration 
mes from the normal 20 mg~% to, e.g., 116 mg-% in 14 days (Fig. 102) ; 
Na*^ passes from the plasma into the cells, raising the concentration there 
from 40 mg-% to 80 or even 140 mg— % ; (ii) the cells increase in volume 
and become shorter and fatter, i,e, more spherocytic (p. 164) : in consequence 
they undergo haemolysis more readily in hypotonic solution and may rupture 
in vitro in salt concentrations as high as 0*8-0*85% ; (iii) haemolysis of the 
cells takes place to an increasing degree while in contact with their own 
plasma ; (iv) the inorganic phosphate of the plasma rises slightly from 3 mg-% 
to say 5 mg— % , The changes in the other blood constituents are unimportant : 

1 Maizels, Quart, J, exp. Physiol, 1943, 32, 143. 
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the platelets disappear in two days ; 70% of the white blood cells have 
disappeared on the second day and many of the surviving ones are degenerate ; 
by 10 days all the white cells are gone or dying ; the constituents related to 
blood clotting and the plasma proteins are comparatively stable. 

From the practical point of view the value of stored blood is closely related 
to the survival time m the recipient's body of the transfused cells. If they 
disintegrate very rapidly they create the difficulties always associated with 
free hsemoglobin in the plasma (p. 182) and do not help in oxygen carriage ; 
such a whole blood is no better, and in obvious respects more dangerous, than 
plasma. The degree of spherocytosis and saline fragility of the cells prior to 
injection is not a reliable criterion of the fate of the cells in the body. Their 
survival time in the body must be determined by direct study of the recipient 
(Fig. 103). It is found that cells stored in 

citrate solution for 7 days disappear from *30 1 

the recipient’s circulation in 1-2 days; ^ * 

by contrast, cells stored in citrate-glucose u 

for as long as 18 days undergo no lasting | ^ 

deterioration apart from normal ageing, \ “ / 

and they survive in the recipient’s circula- 70 - / - 

tion (allowing for ageing) for as long as f 

fresh cells. < 50 - / y 

As explained on p. 8, if abnormal 4 I / 
stored red cells are incubated with glucose | so y / 
in vitro at 37® C. their metabolism is ^ y 
restored; consequently the_Na+ is ex- 1 1 * 

truded from the cells, the K+ is drawn 0 * 2 ^ 4 ' 6 ' 8 ' I'o * 12 
back and the ionic pattern of the red cells days 

returns to normal. Similarly, if abnormal piQ. 102.— Changes in Plasma-Potas- 
stored red cells are injected into the sium Concentration in Stored 

circulation of a recipient they become Blood on Standing (tempera- 


stored red cells are injected into the sium Concentration in Stored 

circulation of a recipient they become Blood on Standing (tempera- 

normal reconditioned ”) in less than 

24 hours with respect to Na+ and £+ “®pto^-K+^tb 

content, volume, shape and saline fragility. results with two botues of 

mi 1 . -I -I . •• ’'»• blood are illustrated. (Downman ei aZ.. 

The high plasma-K"*" concentration of Bnt med. j„ i 940 , i, 559.) 
stored blood must be borne in mind, as 

K+ in excess has toxic effects on the circulation; these may be avoided 
if the transfusion is performed at rates not exceeding 40 c.c. per minute. 

Plasma can be stored in the liquid form for many months ^ ; if dried it can 
be kept for years and under all conditions of temperature ; it can be recon- 
stituted by adding sterile water. Plasma is of great value in haemorrhage 
(though not quite as satisfactory as whole blood (p. 86)), traumatic shock, and 
burns. Conditioned plasma (p. 181) can be given in very large volumes 
without fear of agglutinating the recipient’s red cells. The plasma is prepared 
from large pools representing many donors and some batches may carry the 


^ Stored plasma may occasionally develop toxic properties owing to some alteration 
taking place in its proteins. On intravenous injection it then produces a slowing of the 
heart and a fall of blood pressure (due to cardiac inhibition and vasodilatation) and dis- 
turbances of respiration. The toxic plasma seems to damage the lungs, stimulates local 
vagal endings and sets up afferent impulses which reflexly produce the circulatory and 
respiratory changes mentioned ; the changes are prevented by section of the afferent 
pulmonary vagal fibres. (Gilding and Nutt, J, Physiol., 1944, 202, 446.) 
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virus of infective hepatitis. For this reason transfusion with the poly- 
saccharide '‘Dextran” (6% in saline), is preferred by many. The large 
molecules of this substance are well retained in the circulation and help to 
maintain the blood pressure. ^ 


FATE OF THE RED BLOOD CORPUSCLES. JAUNDICE. 

Duration of Life of Red Cells.i— Once the reticulocyte stage has been 
passed there are no means of determining how old any particular erythrocyte 
is. The average duration of life of erythrocytes in man is 3 or 4 months (and 



Fig. 103.— Surviva JTime of Transfased Red Blood Cells in Man. 

^ tran^ised into patients of Groups A, B, or AB. Red-cell 
P®^'®riae(i after agglutinating the recipient's own cells with aS sera 
counts of Group 0 cells only in recipient’s blood Note 
that the injected cells may survive for 100 days. (Scarborough, Edin. md. J.) 


not 3 or 4 weeks as previously supposed). Tke evidence is as follows ; a large 
volume of Group 0 blood is transfused after a hffimorrkage into (say) a Group 
AB recipient. Counte of Group 0 cells are performed at intervals by diluting 
specimens of the recipient's blood with fluid containing serum a and B which 
agglutmate and precipitate the AB cells which are then filtered off. Typical 
res s s own m Fig. 103 ; the transfused cells progressively decrease in 
number but some are still present after 70-100 days. 

ir, pME IN Disease.*— T he survival time of red cells 

m the body IS reduced when (i) the cells are abnormal or (ii) the haemolytic 
s^tem IS ^normal (t.e. the normal destroying mechanisms are excessively 
active or abnormal haemolysms are present). ^ 

^ congenital haemolytic jaundice 

(p. 229) and pernicious anaemia (p. 196) are destroyed excessively rapiddy in the 

a et a., J bid. Ohem., 1949, 179, 463. 

3A 768°^°^ Singer and Motulaky, J. lab. elin. Med., 1949, 
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patient’s body, thus producing or contributing to the anaemia. If these cells 
are transfused into normal subjects they are also rapidly destroyed. If 
normal cells are transfused into the patients their survival time is normal. 
These observations prove that in congenital haemolytic jaundice and pernicious 
anaemia the red cells are abnormal but the haemolj^ic mechanisms are normal. 

(b) Red cells that have been stored in vitro, especially in unsuitable 
diluting fluids (p. 184), become abnormal and their survival time after trans- 
fusion is shortened. 

(ii) In other forms of haemolytic jaundice the red cells are normal but 
are rapidly destroyed by abnormal haemolytic mechanisms. Normal red 
cells transfused into these patients have a short survival time ; the cells of 
the patients when transfused into normal subjects have a normal survival 
time. 

Destruction of Red Cells. — The initial stages in the destruction of 
the red cells are uncertain. The following suggestions have some evidence 
in their support : 

(i) Intact red cells (presumably the aged ones) are taken up intact by 
the macrophages (cf. Pig. 126) : this process seems to be uncommon in normal 
man. 

(ii) The cells as they age are “ threshed to bits ” in the circulating blood 
and the fragments (fine haemoglobin-containing “ dust ”) are ingested by 
the macrophages. 

(iii) The red cells may undergo haemolysis in the blood stream, possibly 
as a result of preliminary treatment in the spleen (p. 227) ; the released 
haemoglobin may (a) be taken up as such by the macrophages, or {b) break 
down in the blood stream into haem and globin ; the haem fiien unites with 
serum albumin to form meihcBmalbumin which is ingested by the macrophages. 

(iv) The haemoglobin may undergo chemical changes while stiU within the 
red cells ; thus the haem may lose its iron, a bilinibin-globin complex resulting 
(called verdohoBmogloUn) winch may escape from the cell and be taken up by 
the macrophages. 

Ultimately, whatever the intermediate stages may have been, the red 
cell is destroyed and the haemoglobin is released ; it is broken down to globin 
and an iron-free pigment called bilirubin. As is explained below bilirubin 
formation occurs mainly in the macrophage (reticulo-endothelial) system. 
The released iron is most carefully stored in the body probably by becoming 
bound with a special tissue protein called apoferritin to form the iron-con- 
taining protein, ferritin (p. 204). This “ reserve iron ” is presumably released 
into the circulation for haemoglobin formation in the red marrow as and when 
required. 

Macrophage [Reticulo-Endothelial] System, — The term reticulo- 
endothelial system is used in this book to refer to certain phagocytic cells 
found mainly in the bone marrow, liver, lymph nodes, spleen (and sub- 
cutaneous tissues). In the marrow the cells form part of the lining of the 
blood sinuses {littoral cells) ; in the liver they lie at intervals along the 
vascular capillaries (Kupffer cells) ; in the lymph nodes they line the lymphatic 
paths ; in the spleen they are found in the pulp (p. 223). The characteristic 
feature of the cells of the reticulo-endothelial system is their power to mgest 
foreign colloidal particles ; thus if carmine or Indian ink is injected intra- 
venously into living animals the cells take up the dye, are deeply stained 
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by it and so are easily recognized. Cells of similar histolo^cal appearance 
wbioli do not take up these dyes are not included in the reticulo-endothelial 
system. Because they ingest large particles the cells are called macrophages. 
The functions of these cells are as follows : 

(1) They ingest and destroy red blood corpuscles and form and release 
bilirubin (infra). 

(ii) They ingest bacteria and are thus concerned with the defence of the 
body against infection. They rapidly increase in number under these condi- 
tions with resulting enlargement of the organs which are rich in these cells, 
e.g. spleen, lymph nodes. 

(iii) They form antibodies in response to the presence of certain types 
of protein antigens ; it is suggested that fragments of the superficial cytoplasm 
are released containing the specific globulin antibody. 

The reticulo-endothelial system functions as a physiological unity ; if 
any part of it is put out of action the rest of the system undergoes com- 
pensatory hypertrophy and makes good the deficiency. 

Origin of Bilirubin. — (1) In the normal animal, and particularly when 
blood destruction is actively proceeding, the macrophages (reticulo-endothelial 
system) contain fragments of red cells (Kg. 126), free haemoglobin, or iron in 
an inorganic form which gives the Prussian blue reaction. 

(2) There is a trace of bilirubin in the circulating blood ; but the blood 
leaving the spleen and the hone marrow contains significantly higher concen- 
trations of bilirubin than the arterial blood, proving that bilirubin is formed 
in these organs. 

(3) Although the Kupffer cells of the liver also make bilirubin, the liver is 
not indispensable for bilirubin formation. After total extirpation of the liver, 
bilirubin rapidly accumulates in the body ; the plasma and body fat are 
coloured yellow, and jaundice is present in animals which survive for more 
than six hours (cf. p. 825). Jaundice develops almost as rapidly when the 
spleen and the other abdominal viscera are removed as well, proving 
that the bone marrow macrophages are important sites of bilirubin 
formation. 

(i) After splenectomy (in the intact animal), compensatory hypertrophy 
of the other macrophages takes place, and the rate of bilirubin formation is 
not diminished.^ 

Chemistry of Bilirubin Formation. — The first change undergone by 
haem (or to give it its full chemical name, iron-protoporphyrin IX) is the 
oxidation of the C of its a methine (=CH) bridge, to COg. The tetrapyrrol 
ring structure is thus broken up ; the four pyrrol groups then become 
arranged as a straight chain. Next, the Fe is split off, the resulting compound 
being bilirubin. The sequence of events is set out in Fig. 104, which also 
shows that bilirubin has the same side chains attached to its pyrrol groups as 
has haem ; it differs from haem in the loss of the ^CH (methine) bridge in the 
a position and in being a straight chain and not a ring structure. 

The bilirubin which is released by the macrophages into the blood stream 
may be called hcemohiliruhin ; in - the circulation it is probably carried in 
combination with serum protein. It is secreted in a modified form (probably 

^ In bruises, after the passage cf time the haemoglobin of the extra vasated blood is 
converted progressively into bilirubin owing to the activity of the local macrophages ; 
these, however, are not concerned with the normsd destruction of circulating blood cells. 
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split off from proteiii) by the hepatic cells into the bile passages ; the bili- 
rubin in the bile is called cholebiliruhin. 

Van den Bergh Reactions. — These reactions are of value because they 
enable the two forms of bilirubin, i.e. hsemobilirubin and cholebilirubin, 
to be distinguished. They are based on the fact that when a mixture of 




H H H 


Fig. 104. — Chemistry of Bilirubin Formation. (After Granick, Aw/i. N.7. Acad, ScL, 

1946^7, 48, 657.) 


A. Pyrrol ring in full. 

B. Pyrrol ring, conventional, outline. , « 

1. Haem (iron-protoporphyrin IX). In 2 and 3 only rings J, IL and aC are^showm 
of CH to COH. 3. Frupther oxidation and loss of aC. ■” 
formula is that of hilirabin. 


2. Oxidation at aC 
The Fe atom is subsequently split off. Lowest 


sulphanilic acid, HCl, and sodium nitrite is added to bilkubin, a reddish or 
reddish-violet compound {azohiliTubin) is formed. Two kinds of reaction can 
be obtained : the direct and the indirect. 

(1) Direct Reaction. — The serum is treated directly with the reagents. A 
positive response consists of the appearance of the characteristic colour : 
(i) rapidly, i.e. the maximum colour intensity is attained within 30 seconds ; 
this is the prompt direct reaction ; or (ii) the colour develops slowly but is 
obvious within 10 minutes ; this is the delayed direct reaction. If no colour 
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appears within 10 minutes the reaction is negative. A positive direct reaction 
is given by cholebilirubin, i.e, the bilirubin which has been secreted into and 
is present in bile, or the bilirubin which bas passed back from the bile into the 
blood. Hsemobilirubin gives a negative direct Van den Bergh reaction. 

(2) Indirect Reaction,— serum and the reagents are mixed and then 
alcohol is added which precipitates the serum proteins. A reddish colour 
indicates the presence of bilirubin. Both forms of bilirubin give a positive 
reaction. 

The qualitative Van den Bergh reactions are less helpful clinically than 
the corresponding quantitative reactions. When the latter are used the indirect 
reaction determines the total amount of both forms of bilirubin ; the direct 
reaction gives the amount of cholebilirubin ; the difference between the two 
values represents the amount of hsemobilirubin. 

The main differences between the two kinds of bilirubin are summarized 
below : 


H^aSMOBILIRUBIN. 

Normally present in blood-serum. 

Increased in amount in haemolytic 
jaundice retention jaundice 

Gives a negative direct Van den 
Bergh reaction. 

Gives a positive indirect Van den 
Bergh reaction. 

Extractable by chloroform. 

Present in serum in the form of (1) 
bilirubin-albumin. 

Not excreted in the urine. 


Cholebilirubin. 

Normally present in bile. 

Appears in serum in obstructive 
jaundice (“ regurgitation jaun- 
dice ”). 

Gives a positive direct Van den 
Bergh reaction. 

Gives a positive indirect Van den 
Bergh reaction. 

Not extractable by chloroform. 

Present in bile in the form of (?) Na 
bilirubinate. 

Excreted in the urine. 


Serum Bilirubin Values. — The normal adult range is 0*2-1 *7 mg-% ; 
(in 93% of normal cases the level is below 0*8 mg-%) ; values over 1 mg-% 
are unusual ; the mean is 0*5 mg-%. In new-born infants higher values are 
obtained (p.- 192). 

Jaundice. — In jaundice there is an abnormally raised bilirubin content 
of the blood, with resulting outflow of bilirubin into the tissues, which con- 
sequently become stained yellow. Three main varieties of jaundice may be 
recognized : 

(1) HiEMOLYTic Jaundice.^ — This results from excessive destruction of 
red blood cells, with consequent formation of bilirubin more rapidly than the 
hepatic cells can cope with it ; excess hsemobilirubin thus accumulates in the 
blood retention jaundice ’’). Kapid haemolysis may occur after transfusion 
of incompatible blood (p. 181), experimental injection of haemolytic sera 
(p. 170) or of poisonous agents like arseniuretted hydrogen, in pernicious 
anaemia (p. 196), or in congenital haemolytic (acholuric) jaundice (p. 229). 

In haemolytic jaundice, although bilirubin accumulates in the blood, the 
bile acids are passed out normally into the intestine and their concentration 
in the blood does not rise. Haemolytic jaundice is therefore a ‘‘ pure pig- 
mentary cholaemia ’’ or “ dissociated jaundice ’’ — ^the bile salts being treated 
differently from the pigments. 

^ Davis, Edin. med, J., 1943, 50, 589. 
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Other factors may contribute to the production of jaundice in these 
cases : (i) The haemolytic agent may damage the liver cells, impairing their 
power to secrete bilirubin from the blood into the bile ; the liver cells may 
become swollen, blocking the bile canaliculi. (ii) The raised bilirubin content 
makes the bile very viscid and may lead to the formation of bile thrombi ; 
the flow of bile is slowed down, with resulting rise of pressure in the bile 
passages and back-flow of some cholebilirubin into the blood. In uncom- 
plicated haemolytic jaundice, bile pigments are absent from the urine, but 
an excessive amount of urobiHnogen (p. 194) is excreted. 

(2) Toxic AND Infective Jaundice. — The liver cells are poisoned and 
consequently their power of secreting bilirubin from the blood into the bile 



Fig, 105. — ^Distribution of the two types of Bilirubin in the 
Serum in an Illustrative Series of cases of Jaundice. 

(Modified from Green ei al.. Arch, irii. Med., 1938, 61, 

658.) 

A. Hainolsrtic Jaundice ; B. Hepatitte ; C. Hepatitis and Cirrhosis ; 

D. Stricture of Bile Duct ; E, F, Stone in Common Bile Duet ; 

G. Stone in Bile Duct and Cirrhosis ; H. Carcinoma of Liver 

K. Portal Cirrhosis. 

capillaries is impaired ; haemobilirubin is consequently retained in the blood. 

Frequently an obstructive factor is also present : (i) because the liver 
cells are swollen they tend to block the bile canaliculi ; (ii) the inflammatory 
process may involve the bile ducts ; the bile capillaries may thus become 
plugged in places by an albuminous coagulable material. The distended bile 
capillaries above the block may even rupture with resulting return of chole- 
bihrubin into the blood. 

(3) Obstructive Jaundice. — ^In this condition there is „ an obstruction 
to the outflow . of . bile'^frbm’the bile passages into the fimaUm^ Bilibin 

which has already been secreted from the blood into the bile, i.e. cJwMnlirvhin, 
is passed back into the blood^where it accumulates C regurgitation jaundice ”). 
Obstructive jaundice may be due to some gross cause such as a stone in the 
common bile duct or a carcinoma of the head of the pancreas. In such 
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conditions aM the bile constituents (pigments and salts) are returned into the 
blood and do not reach the intestine. Bile pigments appear in the urine when 

the serum level exceeds 2 mg-%. . j, • r , • ■ 

As explained above there may be an obstructive factor in haemolytic or 
toxic and infective jaundice- In some grave affections of the liver such as 
acute hepatitis (p. 833), widespread necrosis of liver cells occurs. There is 
then not only secretory failure but many liver cells become cut off from the 
bile capillaries and any bilirubin that is still secreted is passed back as 
cholebilirubin into the blood. 

From what has been said above it is clear that, although cases of jaundice 

can be usefully divided into three 
main groups, considerable overlapping 
occurs, more especially between the 
second and third groups. Thus, in 
^‘pure’’ toxic and infective jaundice, 
hsemo bilirubin alone should accumu- 
late in the blood, giving a positive 
indirect reaction only ; in pure ” ob- 
structive jaundice, only cholebilirubin 
should accumulate in the blood, giving 
both a positive direct as well as an in- 
direct reaction. Fig. 105, however, 
presents the actual blood findings in 
some illustrative cases of jaundice. In 
the case of haemolytic jaundice studied 
haemobilirubin alone was markedly 
increased, as would be expected (Fig. 
105, A). In the cases of liver damage 
8^ uat:> ur Lire (hepatitis, carcinoma, cirrhosis (Fig. 

t:, -D-T i.- n 4 . 105, B, C, H, K), cholebilirubin as well 

Blood of UmbiKcal Cord and Post- as hsemobihrubm was present m ex- 
Natal Life. (Findlay, Higgins, and cess, and unexpectedly the blood 
Stanier, Arch. Die. Ghildh., 1947, 22, generally contained more cholebilirubin 

than bilirubin. In the cases of biliary 
A series of normal infants was examined. When obstruction the hsemobilirubin as well 

as the cholebilirubin was raised (Fig. 
105, D, E, F ; in G the hamobilirubin 
was normal) ; in fact in the examples shown there was surprisingly little 
difference in the blood bilirubin picture between the cases of liver damage 
and of biliary obstruction. (For diagnostic value oifiocculation tests, sde p. 831 .) 

Jauitdice (Hyperbilirubinemia) op the New-born (Icterus Neo- 
natorum).^ — ^As mentioned on p. 190, it is unusual for the plasma bilirubin 
concentration in normal adults to exceed 1 mg--% ; higher values are, 
however, very common in normal young infants. In 68 of 110 normal 
new-born infants the plasma bilirubin in the umbilical cord blood exceeded 
1 mg-%. In many infants the bilirubin level continues to rise after birth 
to a peak which is generally reached during the first week, and then declines ; 
if the plasma bilirubin exceeds 5 mg-%, clinical jaundice is always present. 
In 73 normal infants examined, the peak bilirubin level attained during the 
1 Findlay, Higgins, and Stanier, Arch. Dia. Childh.p 1947, 22, 65. 




FATE OF BILE PIGMENTS 


193 


first 10 days exceeded 1 mg-% in 34 ; it exceeded 2 mg-% in 28 of these, 
the highest value noted being 20 mg-% ; 18 cases showed clinical jaundice, 
the so-called icterus neonatorum (Fig. 106). The cause of this ‘‘ physio- 
logical ” jaundice of the new-born has been much discussed. 

(1) The jaundice has been attributed to excessive haemolysis. In support 
of this view it is emphasized that a rapid fall of red cell and haemoglobin 
concentration normally occurs after birth ; the fall is maximal during the 
second week and may continue into the third month ; as a result the blood 
pictime changes from one of polycythaemia (by adult standards) to one of 
anaema (Fig. 100). But the usual evidence of excessive haemolysis is absent ; 
thus no haemolysins have been demonstrated and there is no raised saline 
fragility of the red cells ; there is no relationship between the time of onset 
of the fall or the rate of fall of the red cell count and the onset or the severity of 
the jaundice. The fall in the red cell count immediately after birth is probably 
due to decreased activity of the red marrow and not to increased haemolysis. 

(2) The jaundice of the new-born is probably due to hematic immaturity. 
Many physiological functions are imperfectly carried out in the new-born, 
e,g, temperature regulation, voluntary movements. In utero the bHirubin 
formed is mainly eliminated via the placenta ; it is secreted to a lesser extent 
by the liver into the bile and reaches the intestine to form the green meconium. 
Immediately after birth the liver has to eliminate all the bilirubin formed ; 
it would seem that frequently the liver is unable to deal adequately with this 
task during the first 10 days of life ; jaundice therefore develops. Bilirubin 
excretion in the faeces in these jaundiced infants is always decreased. 

Excretion op Bile Pigments in Urine. — Haemobilirubm is not excreted 
by the kidney, but cholebilirubin is excreted when the plasma level exceeds 
2 mg-%. In general then, haemolytic jaundice tends to be acholuric (p. 229), 
i.e, there is no bile pigment in the urine ; in obstructive jaundice, however, 
bile pigment (and bile salts) appear in the urine in amounts which are pro- 
portional to the concentration of these substances in the blood. 

Fate of Bile Pigments — In the bile passages bihrubin is oxidized by 
the loss of 2H to hiliverdin : the pyrrol side chains are unaffected. Eeduction 
of the bile pigments occurs in the intestine to urobilinogen {stercohilinogen), 

m INTESTINE IN AIR 

Bihverdin 


Bilirubin > Urobilinogen > Urobilin 

-|-12H (Stercobilinogen) — 2H (Stercobilin) 

The reduced pigment, urobilinogen (stercobilinogen), is excreted in the 
faeces ; on exposure to air it is oxidized into urobilin (stercobilin). About 
half the pigment excreted in the bile can be demonstrated in the faeces. 
Some is reabsorbed from the intestine into the portal blood and reaches the 
liver where it is largely re-excreted into the bile, although a little escapes 
into the systemic circulation to be excreted in the urine as urobilinogen 
(which on exposure to air becomes urobilin). It is alleged that liver damage 
allows more of the absorbed urobilin to pass through ; the amount of 
urobilinogen in the urine is thus increased. The amounts of bile pigment 
7 
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derivatives normally excreted in tlie faeces is 40-280 mg., compared with 
0-4 mg. in the uriae. 

In haemolytic anaemia, becanse of excessive formation of haemobilirubin, 
there is increased excretion of oholebilirubin, and more urobilin (stercobilin) 
is formed in the intestine. As larger amounts of urobilin are reabsorbed into 
the blood there is an excessive excretion of urobilinogen in the urine. 

It is clear that no particular care is taken in the body to preserve the 
pyrrols derived from the breakdown of haem. This may be related to the 
fact that tetrapyrrols can be readily synthesized m the body from simple 
constituents Like glycine (p. 880) or “acetic acid units ’’ (p. 873), 


REGULATION OF ERYTHROPOIESIS. PERNICIOUS ANAEMIA 
AND OTHER MACROCYTIC ANAEMIAS ^ 

Regulation of Erythropoiesis. — The main factors influencing erythro- 
poiesis can be classifled as follows : 

A. General Stimulants. — (1) Anoxia, — Oxygen lack, when sufficiently 
severe, stimulates red cell formation in the marrow and increases the red cell 
count. Anoxia is responsible for the polycythaemia at high altitudes (p. 445) 
or of congenital heart disease (p. 453), for restoration of the red cells after 
haemorrhage (p. 84), and for the marrow hypertrophy which occurs in many 
anaemias. Conversely a high oxygen pressure depresses erythropoiesis (Fig. 107 
and legend). 

(2) Thyroid, — In thyroid deficiency (myxoedema), owing to depressed 
marrow activity, anaemia (macrocytic and hypochromic) commonly occurs 
which responds to thjToid medication (but not to iron or liver therapy) 
(Fig. 108). Thyroxine probably has no specific stimulating action on the red 
marrow but acts as a general metabolic stimulant, the marrow participating 
n the widespread tissue response. 

(3) Vitamin-C. — Although many cases of clinical scurvy are anaemic it 
has been shown that pure complete vitamin-G lack does not give rise to anaemia.^ 

B. Factors Afeecting HiEMOGLOBiN Formation. — Certain raw materials 
must be available in adequate amounts, namely, iron for haem (pp. 205 et seq.) 
and protein for globin formation (p. 210) ; copper is also needed in minute 
amounts (p. 213) (though its mode of action is obscure). The porphyrin of 
haem can be readily synthesized in the body. 

C. Maturation Factors.— (1) Endothelial Cell-^ProerythroUast (Megalo- 
blast). — Nothing is known about the factors concerned in this initial phase 
of red cell formation. Arrested development at the stage of the endothelial 
cell leads to aplastic ancemia. The areas where red marrow is normally found 
are fatty and devoid of erythroid cells ; there is a progressive decline in the 
circulating total red cell volume (Fig. 49) and the red cell count ; death 
ultimately results from anoxia. 

(2) Maturation of Nucleated Red Cells {Erythrohla.sts). — ^For this stage of 

^ Whitby and Britton, Disorders of the Blood, London, 6th edn., 1950 (full bibliog.). 

^ Animal experiments suggest that certain members of the vitamin-/? group are 
involved in red cell formation, e.g. pyridoxine, riboflavin, and nicotinic acid. There is 
no evidence that their absence is related to human anaemia. 
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Fig. 107. — ^Effect of High Oxygen Concentrations on Erjiihro- 
poiesis. (Moore et ah, J. din. Investig,, 1944, 2S.) 

A case of sickle-cell anaemia. In this disease the abnormal red cells are 
rapidly destroyed; the bone marrow becomes hyperp^stic and 
young red cells enter the circulation prematurely leading to an 
increased reticulocyte count. . 

Initially the red cell count was 2-5 million, the liaemoglobm concentration 
11 g-%> haeraatocrit value (red cell volume %) 30%, reticulocj’tes 
20-30%. Pure O 2 was breathed tlirough a mask for 20 days. During 
this period the reticulocyte count fell, indicating depressed erythro- 
poiesis. The red cell count and haemoglobiu concentration fell because 
new red cell formation was not keeping pace with red cell destruction. 
On returning to air, intense erythropoiesis was resumed as- shown by 
the increase in tiie reticulocytes (to over 50%) and the rise in the red 
cell count and haemoglobin concentration. 



Fig. 108.— Action of Thyroid on Ansemia 
of Myxoedema. (Sharpe, Amer. J. 
wed. ScL, 1937, 194, 385.) 

Ordinates from above do'cnwards : red c^lls in 
millions per c.mni. ; baemogJubm % ; B.M.l!. 
(basal metabolic rate): 0 *= normal, 40=«40% 
below normal. 

TTtiti ai haemoglobin 82%, red cell count 4*1 million 
per c.mm. On iron therapy (45 grains FeNH 4 
citrate daily) the iiaemoglobin fell to 76% and 
the red count to 3-2 million ; mean corpuscular 
volume 92 ijfiy mean corpuscular haemoglobin 
41 X g. After tluee months the B.M.K. 
was determined and found to be —37%. Iron 
therapy was discontinued and thyroid extract, 
2 grains daily, given. The improvement in the 
blood roughly paralleled the rise of B.M.K. 
After six months the haemoglobiu was 120% 
and the red ceil count 5*5 millions. The 
was 20% above normal. 
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development principle is necessOiry, th e hccTYicitiT^ 

principle, wMch is formed m tlie^^stomaiS enzy me 

(ininnsic iactory on’"a''?ood constitu^^^ 

h sematinic principfe the Mood anil n^rowcErnges^ of 

an^micL (and "otlior are found. 

Theevidencc for the above statements is given on pp. 198 et seq. 

Pernicious Anaemia. — This disease is due to the absence of the hccmaiinic 
principle which regulates the maturation of the nucleated red cells in the 
marrow. The principal changes in pernicious anoeniia arc as follows : 

(1) Bone Marrow. — Owing to the anaimia and the resulting anoxia the 
red marrow is stimulated, i.e, it becomes hyperplafiHc and spreads throughout 
the shafts of the long bones {e.g, femur, tibia, and fibula, and the corresponding 
bones of the arm). The nucleated red cells in the marrow are not only greatly 
increased in number but also show characteristic peculiarities. If the succes- 
sive nucleated cell stages in erythropoiesis are called Stages I, II, III, and IV 
then in pernicious anaemia the early stages (I, II) are more numerous {e.g. 
70%) than Stages III and IV (30%) ; normally the reverse is the case 
(p. 164). The nucleated red cells differ in their detailed cytology from normal 
marrow erythroid cells and are called by British hsematologists, megaloblasis^ 
early, intermediate, and late (p. 164). These cells arc of greater diameter ; 
the cytoplasm becomes ^prematurely filled with hcomoglobin and so becomes 
eosinophil sooner. The nucleus of the early, intermediate, and late megaloblast 
is more primitive than that of the corresponding normoblast and the chromatin 
is finer, sparser and less regularly spaced ; much diagnostic significance is 
attached to these chromatin changes. The late megaloblast loses its nucleus 
and becomes a non-nucleated large red cell or macrocyte. Although the erythroid 
cells in the marrow of pernicious anaemia are very numerous most of them 
fail to mature beyond the early megaloblast stage ; as the complete ripening 
of the nucleated cells is inhibited, fewer mature red cells enter the circulation, 
with resulting anmmia. The overactive marrow of pernicious anmmia is 
described as showing megaloblastic hyperplasia. 

(2) Blood Changes. — The number of circulating red cells is greatly 
reduced, counts of 1 million cells per c.mm. not being rare. Fig. 94 shows 
that the average diameter of the cells is well above normal {e.g. 8-2 [j) and 
many cells may have diameters of 10 or 11 /^ ; the cells have a larger volume 
(95-160 yu® (average normal 87)), the mean corpuscular bmmoglobin concentra- 
tion is the normal 35%, but the hemoglobin content of each cell (mean 
corpuscular hemoglobin) may be as much as 50X 10"^^ g. (normal 30). This 
means that the hemoglobin concentration (in g-%) is reduced proportionately 
less than the red cell count (in millions per c.mm.). Nucleated red cells may 
sometimes be seen in blood films. The granulocytes and platelets arc com- 
monly reduced in number probably because of encroachment of the megalo- 
blastic tissue on the space available in the marrow. 


There is evidence that the abnormal circulating red cells are undergoing 
excessive destruction ; the spleen, marrow, and lymph glands may show 
intense phagocytosis of red cells, the serum bilirubin may be elevated in 
consequence (the average concentration in pernicious ansenoia is 0*98 mg. 
compared with 0-31 mg-% in normals) and a low grade oi jaundice is present. 
If the cells of a patient with pernicious ansemia are injected into a normal 
person, their survival time is less than normal (p. 186.) 
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(3) Stomach. — There are regular and characteristic changes in the 
stomach, consisting of atrophy or destruction of that part of the mucosa 
which bears the peptic and oxyntic cells, but usually sparing the pyloric 
glands ; complete achlorhxjdria is almost always present (pp. 202, 781). 



Fig. 109. — Liver Treatment of Pernicious Ansemia. 

(Brewer, Wells, and Fraser, Brit, med, J., 1928.) 

UBC ; red cell count in millions per c.inm. WBC : white cell count in 
thousands per c.mm. Hb % : haemoglobin % (Haldane scale). 
Ret, or Reticulocytes % : reticulocyte count per 100 red cells, 
i-lb. cooked liver was* given daily. Rote the initial transient increase 
in the reticulocyte count which is followed by a progressive increase 
in the red cell count and hsemoglobin percentage. The wliitc cell 
count also markedly rose. 


(4) Nervous System. — In advanced cases demyelination of the white 
fibres of the spinal cord occurs, affecting the dorsal columns chiefly, and 
later the lateral columns {subacute combing degeneration of the cord).^ 

Untreated cases show periods of remission when the blood picture improves 
followed by periods of relapse when the anaemia becomes more severe ; but 
the general course is downhill until death occurs. 

Cases suitably treated with active liver extracts given by mouth or by 
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intrannisciilar injsction can b6 restored to, and maintained in, good bealtli 
indefinitely. The active agent in the liver extracts is called the hcematinic 
principle, k highly ])otent cobalt-oonUmmg crystalline substance (mol. 

1500) has been isolated from liver extracts ; it is commonly called 
vitamin-Big.^ As little as 1 fxg. given (intravenously on intramuscularly) daily 
restores the" blood to normal and reheves the neurological symptoms.^ 

Action of Haematinic Principle in Pernicious Anaemia.— The first 
sign of improvement after commencing liver therapy is an increase in the 
number of circulating reticulocytes (reticulocyte response^ j within 7—12 days 

they reach a peak level and may 
constitute 15-40% of the total red 
cells. This response always heralds 
a general improvement in the con- 
dition of the circulating blood, and 
the haemoglobin concentration and 
red cell count soon begin to rise. 
The number of reticulocytes then 
falls to normal, but the haemoglobin 
and red cell levels continue to rise 
until the normal state of the blood 
is restored (Fig. 109). 

Mode oi^’ Action of HiEMATiNic 
Principle.® — (i) Within as short a 
period as 6'~9 hours, and before there 
is any change in the circulating 
blood, the bone marrow begins to 
change its appearance (Fig. 110). 
The earlier megaloblastic cells (i.e. 
Stages I and II) which are initially 
the dominant cells become progres- 
sively transformed into the later 
stages (i.e. Stages III and IV) and 
all the marrow cells revert increas- 
ingly to the normoblastic type ; in 
other words, haematinic principle 
promotes the maturation of the 
erythroid cells and enables them to 
follow the normal line of development as regards cell size and time of 
appearance of the haemoglobin. As the red cells complete their maturation 

^ Given by mouth, 300-500 ^g. are needed daily. For the chemistry of vitamin -^12 
and detailed clinical reports see Lester Smith, Brit. med. J., 1949, ii, 1367 ; Ungley, ibid., 
1370. 

2 Folic Acid (pteroyl glutamic acid), which is chemically quite unrelated to vitamin-5 j 2 
and is not intrinsic or extrinsic factor, restores the marrow and blood to normal in 
pernicious anaemia, but unfortimately aggravates or induces the neurological changes. 
It is, therefore, of no therapeutic value in this condition. Folic acid clinically restores 
the marrow and blood to normal in megaloblastic ansemias due to many causes : e.g. 
sprue, idiopathic steatorrhoea, pregnancy, and nutritional deficiencies ; it is probably 
unwise to use it for other than short periods because of the danger of damage to the nervous 
system. The absence of fohe acid from the diet of chickens produces a macrocytic hypo- 
chromic anaemia, leucopenia, and thrombopenia. 

3 Davidson, Davis, and Innes, Quart. J, Med., 1942, 11, 10, 



Fig. 110. — Effect of Liver Extract 

(Haematinic Principle) on Erythropoiesis 
in Pernicious Anaemia. (Davidson et al., 
Quart. J. Med., 1942, 11.) 

Ordinate : Percentage distribution of different types 
of nucleated red cells (T, II, III, and IV) in 
sternal bone-marrow Aims. 

Abscissa : Hours after injecting liver extracts. 
Determinations were made at 9, 28, 43, and 
178 hours (averages of 12 cases). 

Stages 1, II, ITT, and IV : successive stages in 
maturation of nucleated red cells (cf. p. 164). 
Before treatment, as the marrow is megaloblastic, 
stages I-TV include the early, intermediate, 
and late megaloblasts. 

Stages T and TT initially constituted 70% of the 
marrow erythroid cells ; stages TIT and IV were 
80%. After liver treatment stage I was less than 
10% and stage IIT over .'i0% ; the cells had also 
reverted to the normoblastic type. 
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Fig. 111. — ^Effect of liver Extract in Pernicious Ansemia in relation to Initial Degree of 
Ansemia. (Castle et al., J. din, Invostig,, 1946, 25, 859.) 

A. Whole blood transfusion or concentrated red cells injected intravenously. Red cell count and haino- 

globin concentration were raised from 1*5 million and 30% to 4-5 million and 90% respectively. 
Inject liver extract as indicated. ITo reticulocytosis develops, though there is a further improvement 
in the red cell count. The, platelet count and white cell count rise. B.B.C. concentrate is expressed 
as original volume of blood before removal of plasma. 

B. Red cell concentrate corresponding to 6000 c c. of whole blood was injected intravenously. The red 

cell count and haemoglobin concentration were raised from 1*0 miUion and 20% to 5-0 million and 
90% respectively. About 30 days were allowed to elapse without treatment ; the cell co^t 
fell to 3-0 million and the haemoglobin concentration to 60%. Liver extract was then injected. 
IS’ote immediate reticulocyte response (from 1 to 35%) followed by slow recovery in red cell count 
and fammoglobin concentration. 





200 


FORMATION OF H^MATINIC PRINCIPLE 


young reticulocytes begin to appear in the circulation {reticulocyte response) 
and subsequently tbe red cell count rises. The newly formed red cells are 
normal in size, i.e. they are normocytes and not macrocytes ; they also no 
longer undergo excessively rapid destruction. The hoomatinic principle thus 
inhibits the process responsible for the undue peripheral hssmolysis possibly 
by promoting the formation of red cells of normal structure ; the serum 
bilirubin correspondingly returns to normal. 

(ii) Hsematinic principle also acts on the other marrow elements as shown 
by the coincident increase in the white cell count (Fig. 109) and in the blood 
platelets. 

(iii) Within a few hours of liver treatment the patient feels stronger, and 
some of the characteristic symptoms such as loss of appetite, apathy, and 
digestive disturbances disappear, though the red cell count is as yet unaltered 
and the anoxia is not relieved. If a transfusion of concentrated red cells is 
given to an untreated case of pernicious ansemia (to restore the red cell 
count to normal) the symptoms due to anaemia and anoxia (pallor, breathless- 
ness, palpitation) disappear, but the sense of well-being is not restored. 
Haematinic principle thus seems to act not exclusively on the marrow but on 
cell metabohsm in general.^ 

(iv) If haematinic principle is given to a patient in whom the circulating 
blood has been restored to normal by a transfusion, the typical marrow 
changes occur but there is no reticulocyte response (Fig. III). In other words, 
haematinic principle directly promotes the maturation and normalization of 
the marrow cells, but the rapid turning out of red cells by the marrow depends 
on the stimulus of anoxia (which always induces marrow overactivity). 
Clinically it is found that the extent of the reticulocyte response is inversely 
related to the red cell count before treatment ; if the initial count exceeds 
3-5 million the reticulocyte response is slight. 

(v) The changes in the stomach are unaffected by treatment. 

(vi) As many nuclei of normoblasts are destroyed during the rapid recovery 
phase, there is increased excretion of uric acid in the urine from the dis- 
integration of the niiclcoprotein of these nuclei. 

Formation of Haematinic Principle. — The mechanism of formation of 
hsematiiiic principle can now be discussed. This involves consideration of 
the role of the clianges in the gastric mucosa in pernicious anaemia. Castle 
carried out the following experiment : a normal person ate a mixed meal and 
allowed it to undergo preliminary digestion in his stomach; the digest was 
then aspirated and given by stomach tube to a patient with pernicious anaemia. 
If this treatment ’’ was continued a typical reticulocyte response and blood 
and clinical improvement resulted. The meal alone, or gastric juice alone, 
given to the patient had no curative action. Castle concluded that during 
digestion of a meal in a normal stomach the haematinic principle is formed 
by the interaction of a food constituent {extrinsic factor) and a gastric juice 
constituent {intrinsic factor). Thus : 

Extrinsic Factor -f- Intrinsic Factor = Haematinic Principle. 

Eecent work, however, suggests that extrinsic factor is actually vitamin- 
ox some related food constituent and that intrinsic factor modifies it or 
interacts with it so as to promote its absorption from the intestine, 

^ Castle et al., J. din. Jnvestig., 1946, 25, 858. 
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Exteinsic Eactoe. — Extrinsic factor is present in largest amounts in ox 
muscle, yeast, and yeast extracts like Marmite.^ 

Inteinsic Eactoe. — A digest of ox muscle with whole normal gastric 
juice is curative, hsematinic principle is formed. But if ox muscle is 



DAYS 

Fig. 1 12. — ^Experimental Analysis in a Case of Pe^cious 
Ansemia of Formation of Hsematinic Principle. 

Tipper records : red cell count (millions per c.mm.) ; lower 
records : reticulocytes %. The curative activity of the 
material employed is judged primarily by the reticulocyte 
response and secondarily and later by the rise in the red 
cell count. ^ , .... 

A : administer by mouth 300 c.c. of normal gastric juice 
dally (=» intrinsic factor) : no response. 

B : administer by mouth daily, in the morning, 200 g. of 
beef muscle (=extrinsic factor) incubated +HC1, and 
in the afternoon 300 c.c. of normal gastric juice { ^in- 
trinsic factor) : no response. Thus intrinsic factor 4- ex- 
trinsic factor given separately at widely separated 
intervals are not curative. „ , - » 

C • administer by mouth daily 200 g. of beef muscle previoiLsly 
incubated with 300 c.c. of normal gastric juice : rapid 
full response. . ..... i.- : 

Conclusion : Intrinsic Factor + Extrinsic Factor = Hsematinic 
Principle. ^ . t j 

(Drawn from data by Castle and Townsend, Amer. J. med. 

Sci., 1929, 278, 764.) 

incubated with pure HCl no activity develops. Similar negative results are 
obtained on incubating muscle with other in^vidual constituents of human 
gastric juice {e.g. pepsin, rennin, lipase), or with human saliva, or with pure 
human duodenal juice ; and, of course, muscle given alone is mert. Intrmsio 
factor is thus a hitherto unrecognized constituent of hiunan gastric juice and 
in its mode of action resembles an enzyme (Fig. 112). 

1 Foi recent studies see Hall, Brit. med. J., 1950, u. 685 ; Ungley et al., ibid., 905. 

7 * 
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Tte site of formation of intrinsic factor is that part of the gastric mucosa 
which contains the peptic and oxyntic cells ; these are to be found throughout 
the mucosa except in a thin strip round the cardiac orifice (cardiac glands) 




Fig. 113. — Experimental Demonstration of Localization of 
Intrinsic Factor in “ Main Gastric Glands ” in Man. 

Case of pernicious ansemia. Upper records : red cell count (in millions per 
c.mm.) ; lower records : reticulocytes per cent. Time in days. 

Insex : diagram of human stomach showing distribution of different types 
of glands (cf. p. 775). Interrupted line near cardiac orifice = distal 
border of cardiac glands. Interrupted line near pylorus— proximal 
border of pyloric glan<ls. "Rest of stomach = glands containing peptic 
and o.xyntic cells (“ main gastric glands ”). 

Different parts of normal human gastric mucosa were ground up 
with beef muscle, dried, and administered as shewn (at 0). Positive 
reticulocyte and red cell responses indicate presence of intrinsic 
factor in region of gastric mucosa examined. Negative responses 
indicate absence of intrinsic factor. In each case after 8 days’ 
experimental period the response to ventriculin ( —hsematinic principle) 
was examined. 

Note that mucosa from regions C and F (of inset), i.e. from the 
so-called cardiac ” and “ fundic ” region (both these regions contain 
“ main gastric glands ”1 is active ; it thus contains intrinsic factor. 

Mucosa from the pyloric region is only feebly active ; the slight 
activity is probably due to inclusion of “ fundic ” mucosa in the 
material used. (Data from Castle and Fox, Amer. J. med, Sci„ 1942, 

203, 18.) 

and in part of the pylorus (pyloric glands). Experiments were carried out 
as follows : the mucosa was stripped off from various regions of the normal 
human stomach, ground up with ox muscle, dried, and administered to 
patients with pernicious anaemia. The mucosal area examined which contains 
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intrinsic factor reacts with tke ox muscle to liberate hoematimc prmciple. 
Typical reticulocyte responses were obtained with mucosa from the regions 
labelled C and F in the stomach map in Fig. 113 ; a very weak response 
was obtained with pyloric mucosa but a potent hsematinic principle gave a 
characteristic reaction. These experiments demonstrate conclusively that 
the so-called “ main gastric glands ” form intrinsic factor. It is exactly this 
region of the mucosa which is atrophied or destroyed in pernicious anaemia 
as seen post-mortem, or during life on gastroscopic examination. The common 
clinical findings of achlorhydria (even after injections of histamine (p. 783)), 
and sometimes complete achylia, are indicative of a lesion ia the same 
site. 

The primary fault in pernicious anaemia is thus the gastric lesion, which 
results in absence of intrinsic factor ; consequently no haematinic prmciple 
is formed. Gastrectomij in man, however, very rarely leads to pernicious 
anaemia ; this result may be explained by the fact that the gastrectomy may 
have to be total before the body is deprived of all intrinsic factor. 

Fate oe Hjsmatinic Principle. — The prmciple, formed in the stomach, 
passes into the small intestine, is absorbed from there into the portal blood, 
and so reaches the liver. It is presumably stored there, accounting for its 
presence in high concentrations in liver extracts. It passes from the liver 
to the bone marrow where in some unknown way it promotes maturation 
and normalization of the erythroid cells. 

Ventriculin. — An extract of partially autolysed whole stomach wall of the 
pig — called ventriculin — is curative in pernicious anaemia. It has been 
suggested that the intrinsic factor in the gastric mucosa acts after death on 
the extrinsic factor in the muscular coat, liberating the haematinic principle 
or a substance of a similar nature. 

Causes of Megaloblastic Anaemia.^ (Pernicious Anemia Type). — 
Theoretically, the haematinic principle might not be available for use by the 
bone marrow in one of five conditions, in all of which a megaloblastic anaemia 
of the pernicious anaemia type develops characterized by megaloblastic 
transformation of the marrow erythroid cells and their failure to mature into 
erythrocytes. 

(1) iisENCE OF Intrinsic Factor. — See Pernicious Ancsmia (p. 196). 

(2) Absence of Extrinsic Factor. — In the Tropics, malnutrition is 
exceedingly common, and megaloblastic anaemia frequently develops. Some 
cases can be successfully treated by the administration of yeast or yeast 
products like Marmite, which are rich in extrinsic factor ; the essential cause 
of the disorder is the absence of the extrinsic factor from the diet, which 
results from its unsatisfactory composition. 

(3) Failure of Absorption of the BLematinic Principle. — This may 
result from an abnormal state of the intestinal tract in intestinal strictures or 
faulty anastomoses, impermeability of the intestinal mucosa, or the presence 
of parasites (like dibothriocephalus latus), which alter or destroy the principle. 

1 Megaloblastic Anemia . — ^The blood disorders in wbich there is megaloblastic trans- 
formation of the bone marrow and anaemia caused by failure to form or use the haematinic 
principle, are known as megaloblastic anaemias ; the circulating red cells are macrocytes, 
i.e. their average diameter is larger than normal. In some cases of malignant disease, 
cirrhosis of the liver, myxoederaa, etc., a macrocjiiic anaemia may occur associated with 
the appearance of large normoblasts in the marrow but there are no megaloblasts in the 
sense defined on p. 196. These ansamias are called rruicronorrnoblixsiic ansemias. 
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Some cases of pernicious ansemia may be thus caused ; they do not respond 
to liver given by mouth but react rapidly to liver extracts given parenterally 
(e.^. intramuscularly). 

In the tropical disease, sjprue, all the above disturbances may be in 
operation : lack of intrinsic factor in the stomach (with or without achlor- 
hydria), deficiency of the extrinsic factor, and defective absorption of the 
haematinic principle because of the intestinal derangement. Liver extract is 
effective especially parenterally, but sometimes large doses of iron are needed 
too. 

(4) Disease of the Liver. — In liver damage, pernicious anaemia has 
been recorded, presumably from failure to store or mobilize the haematinic 
principle. 

(5) Cases are described in which anaemia of the pernicious type is uu- 
infiuenced by treatment given by any route ; it is suggested that the marrow 
may be unable to utilize the haematinic principle supplied to it. 


IRON METABOLISM.! IRON DEFICIENCY AN.^MIAS 

Body Iron. — The body of an adult man contains about 4*5 g. of iron 
which is distributed between four main forms : 

(i) Blood hasMoglohini about 2*5 g. (p. 175). 

(ii) MyohcBmoglobin in varying amounts in red muscles. 

(iii) Intracellular enzymes containing iron-porphyrins, such as cytochrome, 
cytochrome-oxidase, catalase, and peroxidase (less than 0-1 g.). 

(iv) Iron bound with a special tissue protein called a^oferritin (mol. wt. 
465,000) to form the tissue iron-storage compound, ferritin. When fully 
saturated with iron, ferritin may contain 23% of its dry weight as iron. 
This so-called ‘‘ storage ” iron may amount to 1-5 g. in all. 

Myohmmoglobin, peroxidase, and catalase consist of distinctive proteins 
bound with the same porphyrin as is found in the haem of haemoglobin, 
namely iron-protoporphyrin IX ; their molecular weights are respectively 
17,000, 44,000, and 225,000 (cf. haemoglobin, 68,000). The striking differences 
in the properties of these compounds must depend on the protein part of the 
molecule. Cytochrome and cytochrome-oxidase contain an iron-protoporphy- 
rin nucleus which differs from iron-protoporphyrin IX in the side chains 
which are attached to the pyrrol rings ; the attached proteins are also 
different. 

The functions of the tissue iron-porphyrins {i.e. (ii) and (iii) above) can be 
briefly summarized thus ; 

(i) Myohcemoglobin unites loosely and reversibly with molecular oxygen. 
Its 0.2 dissociation curve resembles that of a COg-free haemoglobin solution, 
i.e. it is a rectangular hyperbola and is shifted well to the left (cf. p. 411) ; 
it also resembles foetal haemoglobin in its behaviour (p. 1099). It can thus 
take up O 2 readily even at low O 2 pressures, but only releases it when the 
tissue O 2 pressure is very low. It therefore serves as a small tissue O 2 reserve 
for the needs of very vigorous muscular activity. The properties of red and 
pale muscle are compared on p. 587 ; it is curious to note that although red 

^ Granick, Ann, N,Y, Acad, Sci., 1947, 48, 657. Hahn, Advances in Biology and 
Medical Physics, 1948, 1, New York. 
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muscles contain myohsemoglobin, they respond more slowly than pale and 
consequently develop tetanus at a lower peak tension. 

(ii) Peroxidase “ activates ’’ HgOg to oxidize suitable substrates. 

(iii) Catalase decomposes HgOg to form water and molecular oxygen. 

(iv) Cytochrome and cytochrome-oxidase are concerned with oxidation 
'processes in the tissues and electron transfer, and not, like haemoglobin, with 
the transport of molecular oxygen. 

Iron in Food. — It may be deduced from what has been said above that 
animal foods contain iron in minute amounts which vary with the ferritin 
and blood content. The approximate iron content in mg. per 100 g. of some 
common foodstuffs is : meat (muscle) 3-5, liver 7*0, egg 2*5, cheese 1*5, 
herring and haddock 1-0, lentils and peas 5-7, oatmeal 4*0, bread 1*0, 
golden syrup 1*7, cabbage TO, rice and potatoes 0*5. The iron content of 
milk is low. 

Iron Balance. — (1) Adult Men. — The intracellular iron-containing 
enzymes and myohsemoglobin are stable substances the iron of which cannot 
be called upon for other purposes ; blood hsemoglobin on the other hand is 
continually undergoing destruction. The iron content of hsemoglobin is 
0*33% ; thus 100 c.c. of blood containing 15 g. of hsemoglobin contain 50 
mg. of iron. As the red cells live about 100 days, 1% of the total blood hsemo- 
globin, i.e. that contained in 50 c.c. ofUood is destroyed daily, releasing about 
25 mg. of iron. It is essential to remember that for all practical purposes 
iron that has been absorbed from the intestine or some parenteral route 
is not subseq^ienily excreted from the hody, or only in negligibly small amounts. 
Thus an adult man on an adequate iron intake only excretes (in the urine) 
0*1 mg. daily. Likewise, hardly any iron is excreted into the bile, and none 
by the mucosa of the alimentary canal. It follows, therefore, that the iron 
which is released from the destruction of hsemoglobin, after being temporarily 
stored in the reticulo-endothelial system (presumably as ferritin) is used 
again for fresh haemoglobin synthesis. It will be pointed out later that iron 
is absorbed from the food in the intestine with considerable difficulty, i.e. 
only a fraction of the food iron is actually absorbed into the body, the rest 
being passed out in the fccces. It is, therefore, hard to say what iron iniahe 
is needed to provide any particular bodily iron need. ^Vheneve^ iron loss 
exceeds iron absorption the blood hsemoglobin falls, i.e. ansemia develops. 
The food iron requirement of a healthy adult male (who is not suffering from 
any form of blood loss) is negligibly small ; a food iron intake of 5 mg. daily 
is adequate to maintain a normal state of the blood in such healthy men. 

(2) Adult Women. — The iron loss (and therefore the food iron needs) 
of women is greater because of : (i) the blood loss dming the monthly 
menstrual period ; (ii) the iron drain on the mother during pregnancy and 
labour. 

(i) Menstruation. — The monthly blood loss in one series of normal women 
varied between 6 and 180 c.c. ; the average was 50 c.c., correspondiDg to 
25 mg. of hsemoglobin iron. A group of women whose monthly loss was 
240 c.c. on an average (=120 mg. of iron per month, or 4 mg. daily) developed 
ansemia, because their food iron intake did not cover their iron loss. Clinical 
evidence suggests that when the monthly menstrual blood loss exceeds 
140 c.c. (=70 mg. of iron per month or 2*3 mg. of iron daily) ansemia develops 
if the food iron content is below 7 mg. daily (Fig. 114). 
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by tbe blood loss during labour, 
nancy from iron lack (Figs. 114 
and 115). 

(3) Growing Children. — 
During tbe period of growth the 
blood must “ grow ” to keep pace 
with the rest of the body ; a 
positive iron balance must there- 
fore be maintained to enable the 
necessary additional haemoglobin 
to be formed. The following data 
indicate the size of the problem. 
At birth a baby weighs 3 kg. 
(7 lb.) and contains 300 c.c. of 
blood ; the total iron content of 
the body is 400 mg. At one year 
it weighs 10 kg. (21 lb.) and con- 
tains about 1000 c.c. of blood. 
To produce the necessary increase 
in haemoglobin and body iron a 


Anaemia commonly develops during preg- 
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Fig. 115 . — Development of Aoseima in Women 
during Pregnancy and Progressive Re- 
covery after Delivery. (Modified from 
Davidson and Fullerton, Edin. med. J., 
1938, 45, 9.) 

Ordinate : hsemo^obin %. 
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kept on an iron-free diet and the offspring after weaning were fed on milk. 
The blood haemoglobin concentration steadily fell because while the animal 
was growing and increasing its plasma volume it was not making fresh 
haemoglobin (Fig. 116). If the young rats or the anaemic children are given 
adequate amounts of iron, rapid recovery of the blood occurs. 

Blood Iron. — Iron is present in the blood in two forms : (i) as hcamoglohin 
in the red blood cells ; 15 g. of haemoglobin per 100 c.c. blood corresponds 
to 50 mg. of inorganic Fe ; (ii) as serum iron amounting to 0-05-0-18 mg-% 
(=50-180 /vg-%) ; is the form in which iron transport takes place. 
Serum iron is in the ferrous form and combined with a serum protein 
(jS-globulin). Substantial changes in serum iron take place after ingestion 
of therapeutic doses of iron salts (p. 209) ; but under ordinary conditions 
of food intake the fluctuations in serum iron are slight. 

Iron Absorption. — (1) Food Iron. — Very little is known about the 
changes which food iron undergoes in the alimentary canal. It is believed 
that inorganic iron is split off from ferritin, but that the digestive juices 
cannot release the iron which is bound with the porphyrin molecule in the 
hjem compounds of food. Food may contain traces of inorganic iron salts 
if rusty laiives or chipped enamel saucepans are used in the preparation 
and cooking of food ; these may be a more important source of iron than is 
generally supposed. Iron is absorbed in the ferrous form possibly in the 
stomach and certainly in the duodenum and upper small intestine ; the 
presence of bile salts does not promote iron absorption. The iron is taken 
up by the cells of the intestinal mucosa and combined with apoferritin there, 
to form ferritin, which releases its contained iron into the circulation as and 
when required for haemoglobin formation. 

In normal adult males iron absorption is very small, as shown by the 
following iron balance experiments. 

I. Low Ibon Intake (all data in mg. for 14-day periods) : 

Total iron in food . . . 100*5 mg. (7*1 mg. per day). 

„ „ urine ... 1*3 mg. (0*1 mg. „ ). 

„ „ faeces . . . 102*5 mg. (7.3 mg. „ ). 

In this experiment no iron was absorbed ; all the ingested food iron was 
passed out in the faeces ; the excess loss in the faeces may have been due to 
shedding of lining cells of the intestinal mucosa which contain iron. 

II. High Iron Intake (all data in mg. for 14 days) : 

Iron intake as food . . . 110*6 mg. 

„ „ medicinal iron . 82*8 mg. 

Total Intake . . 193*4 mg. (13*8 mg. per day) 

Iron loss in urine=l*5 mg. (0*1 mg. per day). 

Iron loss in faeces= 187*3 mg. (13*4 mg. per day). 

Positive iron balance— 4:- Q mg. (0*3 mg. per day). 

In this experiment only 0*3 or 0*3-f-0*l mg. of iron were absorbed daily. 

It is found clinically that a total iron food intake of 10-15 mg. daily is 
sufficient to maintain a normal state of the blood in all physiological states 
in women and children and is well above the minimal requirements of normal 
men. 
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(2) Therapeutically administered Iron Salts. — In cases of iron 
deficiency anaemia, iron is administered in the form of inorganic salts. The 
fate of the iron can be readily followed if it is administered in the radio-active 
form as ; its half-life is 47 days. Fig. 117 shows the effects of adminis- 
tering 84 mg. of radio-Fe in a single dose by mouth to a dog. Absorption 
sets in rapidly as proved by the appearance of radio-Fe in the serum within 
one hour ; serum radio-Fe reaches its peak at 12 hours and falls to normal in 
24 hours. Within 2 hours of ingesting the radio-Fe it begins to appear in the 
circulating corpuscles, proving that it has reached the bone marrow and has 
been used there in the manufacture of fresh haemoglobin ; the radio-Fe has 
been added to the body’s general iron reserve, i.e. it has entered the body’s 



Fig. 117, — Absorption of Radio-Iron (Fe*) 
from the Intestine and its Incorporation 
in Red Cells. 


Ordinate: percentage of total radio-iron (Fe*) ^ven 
by mouth found in plasma or red cells. Dogs 
given single dose of 84 mg. of radio-iron by 
mouth. (Whipple et al.y J. exp. Med.^ 1939, 

69, 747.) 

“ iron pool.” No distinction is subsequently drawn by the body between the 
newly absorbed iron and that previously present in the tissues. ^ 

The following factors influence the degree of absorption of iron salts : 

(i) Ferrous (Fe++) salts are more readily absorbed than ferric (Fe+++) 
salts ; in different experiments the ratio obtained was 1*5—10*0 of Fe"*”^ to 
1*0 of Fe+++. (Fig. 118.) 

(ii) Absorption is independent of the secretion of HCl by the stomach. 

(iii) Insoluble iron salts (e.g. ferrous phosphate) are not absorbed. 

(iv) The absolute amount of any particular salt which is absorbed depends 
on the dose. With minute doses the percentage absorption is high but the 
absolute amount absorbed is still minute ; as the dose is increased the per- 
centage absorption progressively falls but the absolute amount absorbed is 
increased. Thus the total iron content or the iron concentration in the 
bowel is an important factor in determining the total amount absorbed ; and 
it is the absolute amount of iron absorbed which really matters. 
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(v) Witli a given iron intake, a larger amount is absorbed in ancemic 
subjects tban in normals. Tbis is well shown in Fig. 119. 

The explanation is obscure. The rate of iron absorption may depend on 
the degree of saturation with iron of the apoferritin of the intestinal mucosa. 
In normal subjects the degree of saturation is high and the iron uptake is, 
consequently, small. In ansemic states as the tissue “ reserve ” iron is 
drawn upon, food iron is more readily taken up by the relatively unsaturated 
apoferritin in the intestinal mucosa. It is claimed also that when the iron 
intake is large, more apoferritin is synthesized in the intestinal mucosa, thus 
faoihtating further iron uptake. 

Intravenously injected Iron Salts. — Iron thus injected is not excreted 
by the intestinal mucosa from the blood into the lumen of the gut ; it is, 
therefore, retained in the body, in the macrophages of the liver and spleen, 
throughout the spleen pulp, in the hepatic cells and, in traces, in the stomach 
and large intestine. There is still uncertainty whether such stored iron can 
be called upon for haemoglobin formation ; it can only be eliminated from the 
body very slowly, if at all. 

Factors controlling Haemoglobin Formation.^ — (i) Quantitative 
Technique. — Whipple’s standard ancemic dog is employed. A normal dog 
weighing 10 kg. has about 200 g. of haemoglobin in the circulation. The 
animal is bled weekly to reduce the total circulating haemoglobin each time to 
60 g. During the first 6-8 weeks the dog seems to be able to mobilize un- 
identified reserves of haemoglobin to help to make good the deficiency, but 
these are finally exhausted. Subsequently the amount of haemoglobin newly 
formed each 14: days is readily measured by determining the amount of 
haemoglobin that has to be removed to bring the total in the blood down to 
the basal level of 60 g. These studies show that in addition to iron, dietary 
'protein is of great importance in the treatment of haemorrhagic ana 2 mia. 

(ii) Role of Protein. — A low protein intake retards haemoglobin regeneration 
even in the presence of excess iron ; the limiting factor here is lack of globin. 
Globin itself (in the food) is the protein which is used most economically in 
haemoglobin formation. Some food proteins are less effective than others ; 
thus bread and other cereals, dairy products, most vegetables and fruits, 
and salmon are relatively inert. Liver, kidney, spleen, and heart are most 
potent, muscle occupying an intermediate position. Though liver is of great 
value in the treatment of haemorrhagic anaemia in dogs, it seems to have no 
such exceptional efficacy in haemorrhagic anaemia in man. Studies with 
amino-acid mixtures show that the usual essential amino-acids are needed 
for haemoglobin formation. 

(iii) Role of Porphyrins. — The porphyrin content of the diet is unimportant 
as it is readily synthesized. 

(iv) Role of Iron. — See pp. 205 et seq. 

(v) Role of Bile. — If a bile fistula is established so that all the bile escapes 
to the exterior, the rate of haemoglobin formation is halved ; the administra- 
tion of bile daily by mouth is, however, without effect. Iron salts given by 
mouth to these animals produce half the expected new haemoglobin formation. 
The mode of action of a bile fistula is obscure : it is associated with impaired 
liver function and diminished globin formation. 

^ Whipple, Awpt. .7. we/!.. Sci., 1938, 196, 609 ; "Whipple et al., J. exp. Med., 194-'^, 
82. 311 ; ibid,, 1947, 86, 243. 



ABSORPTION OF FERROUS AND FERRIC IRON 211 



riG. 118 



Fig. 119 


Figs. 118 and 119.— Absorption of Radio-activ’e Iron in Normal Person and m Patient 
with Hypochromic Microcytic Anaemia. Ferrous iron is more readily absorbed than 
Ferric Iron. Iron is more readily absorbed in Maenuc Patients than m Normal 
Persons. (Moore aZ., J. din. Investig., 1944, 23, /62, /64.) 

Kormd. 


Initial red cell count per c.mm. 

Initial hsemoglobm g./lOO cc. . . •• 

Amount of radio-Fe+++ given by mouth as FeCls • • : * 

Fraction of total dose of radio-Fe+++ found in circulating red cells 
Amount of radio-Fe++ given by mouth as FeCla , • , w 

Fraction of total dose of radio-Fe++ found in circulating red cells 


Fig. 118. 
5-2 
16-0 
170 mg. 
2 * 2 % 
170 mg. 
11-4% 


Hypochromic Anosmia. 
Fig. 119. 

3-2 

9-0 

IIS mg. 

6 - 2 % 

118 mg. 

26-0% 


Labelled Fe*radio-active iron. 

At the beghming of February the aneemic patient was 
hsemoglobin concentration rose in about 4 weeks 


given intensive iron therapy ; the red ceU count and 
to 4*6 million and 12 g-% respectively. 
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Iron Deficiency Anaemia. — Iron deficiency anaemias are of the micro- 
ctjtic hypochromic type (p. 168) ; the cell diameter and volume are below 
average and the cells are poorly filled with haemoglobin. Both red cell count 
and haemoglobin values are lowered, the latter to a greater degree than the 
former. The marrow may show normoblastic hyperplasia. 

As is evident from the discussion on pp. 205 et seq., iron deficiency anaemia 
occurs : (i) in infants and young children ; (ii) in women during active 
reproductive life ; (iii) in anyone who suffers severe blood loss. The co-exist- 
ence of factors which inhibit haemoglobin or red cell formation aggravates 
the anaemia. The following complications commonly occur : 

(i) The presence of infection : ^ this is especially important in infants, in 
whom an attack of bronchitis, otitis media, or pyrexia from any cause may 
lower the blood haemoglobin level, sometimes even when iron is being medicin- 
ally administered at the same time (Fig. 120). 

(ii) An unsatisfactory diet, especially one which is lacking in (a) protein, 
which is needed for globin formation, or (5) vitamins : the lack of vitamins 
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Fia. 120. — Effect of Infection on Ha3moglobin Level in Infants. (Davidson and Fullerton 
Edin. med. J,, 1938, 45, 12.) 


may lead to an unhealthy state of the alimentary canal which depresses 
absorption of the foodstuffs and may also impair the tissue mechanisms 
which are involved in hiemoglobin synthesis. Achlorhydria is said to interfere 
with the proper absorption of food iron (though it does not affect the absorption 
of the rapcutic iron salts). 

(iii) In pregnancy the formation of intrinsic factor may be impaired, 
leading to development of a macrocytic anaemia (Fig. 115). In addition, the 
blood haemoglobin concentration may be lowered because of an increase in 
plasma volume. 

Pure iron deficiency anaemia is cured by giving adequate doses of suitable 
iron salts. These doses are enormous compared with the normal iron intake 
in the food (Fig. 121, A). The amount of medicinal iron utilized for fresh 
haemoglobin formation can be readily calculated from the rate of rise of the 
total blood haemoglobin content which optimally is 1*5 g. (=5 mg. iron) daily. 
Such a rate of blood improvement may occur on giving 1200 mg. (90 grains) 
of Fe(lSrH 4 ) Citrate daily ; the iron utilized in this instance is under 1% of 
the iron administered. The optimum utilization rate with Fe(NH 4 ) Citrate 
is 3% compared with 20% for ferrous sulphate. 

Iron therapy acts not only by supplying an essential raw material but it 
1 Wintrobe et al., J. din. Jnvestig., 1947, 26, 103, 114, 121. 
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also stimulates the red marrow to make fresh cells and haemoglobin. Even in 
normal subjects iron medication may increase the blood haemoglobin level, 
but this increase is transient, the blood returning to its original state in 
spite of continued treatment (Fig. 121, B). 

Adjuvant Action of Copper.^^ — In mammals copper is related to blood 
formation.^ Iron-deficiency anaemia in rats (Fig. 116) is not cured by 
absolutely pure iron salts. If 0*05 mg. of copper, together with 0*5 mg. of 
iron are added to the daily ration of milk, rapid cure occurs. A normal 
mixed diet contains adequate amounts of copper. Most medicinal iron salts 
contain some admixture of copper, but less than the optimum for the cure 
of anaemia, e.g. only 0*02 mg. of copper per g. of iron salt. 



WEEKS 

Fig. 121. — Effects of Iron Administration on Blood Hsemoglobin Concentration in Man 

Iq both A and B, 1 g. of iron was administered daily throughout the 28- week period. Ordinate represents 
iruyrease in hmmoglobin concentration per 100 c.c. of blood. The total increase in blood hamoglobin in g. 

i s obtained by multiplying the value on the ordinate by e.g, ^^=50. 

A. . Results in group of cases of iron deficiency ancemia. Maximal improvement occurs after 10 weeks 

there is a small subsequent decline. „ . . v 

B. Results in group of subjects with low normal hsemoglobin. There is a smaller imtial nse n hcemoglobm 

concentration ; then in spite of continued iron administration the haemoglobin concentration falls to 
its initial value. (Fowler and Barer, Amer. J. med. fi'ci., 1941, 201, 648.) 

The mode of action of copper is unknown ; it may be related to the 
building up of iron into haemoglobin. 

Some clinicians claim that better results are obtained in cases of hypo- 
chromic anaemia if copper is given together with iron (in the ratio of copper 
to iron of 1 to 100) than with iron therapy alone. 

Hcsmochromatosis.^ — In this disease there is an excessive deposition of 
iron in all the organs (especially in the liver and pancreas), as brown granules 

^ Elvelijem, Physiol. Rev., 1935, 15, 471. 

* Copper is widely distributed in organic matter and is found in minute traces m soa 
water, L is shown by the following data : Sea water, I X ; plants, 3-^0 X 10'« ; 
blood of marine animals, 3-23xl0-«; brain, 3-6xl0'«; milk, 2-5 xlO*^ The blood of 
marine animals contains an oxygen- carrying pigment called hcsmocyanin, which contains 
0-38% of copper ; the copper acts in the same way as the iron in hsem, and there is a 
quantitative relationship between the amount of copper and the oxygen-carryir^ power, 
A hit^hly coloured pigment {turacin) has been obtained from the feathers of a South African 
bird, ° the turaco, and contains 7% of copper ; turacin is a copper- porphyrin (cf.p. 174). 

® Sheldon, Hcsmochromatosia, London, 1935. Granick, Bull. N.T, Acad. Med., 1949, 
52, 403. 
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of hcBmosidenn^ a compouad resembling/em^m (p. 204) ; as a result the tissue 
cells are damaged and undergo fibrosis. An iron-free pigment — kcemofuscin 

is also deposited. The pathological accumulation of iron may sometimes 

be due to a primary abnormality of the intestinal mucosa, leading to excessive 
iron absorption from the gut. In one patient with haemolytic anaemia who 
received about 200 blood transfusions, the released iron was deposited in the 
tissues, causing fatal haemochromatosis. 


THE WHITE BLOOD CORPUSCLES 


The white blood corpuscles (leucocytes) are divided into three 
groups : 

(1) Granulocytes (10-14 /^) characterized by the presence of granules in the 
cytoplasm, and a lobed nucleus. Using Leishman’s stain, three types of cell 
can be recognized by the character of their granules : neutrophil (or poly- 
morphonuclear leucocytes) with fine red-brown granules ; eosinophil, 
crammed with large red granules ; and basophil containing purple-blue 
granules. The nuclear chromatin of this group of leucocytes is coarse and 

ropy.” (Plate III.) 

(2) Lymphocytes (small, 7-10 ; large, 10-14 (jl) : these are round non- 

granular cells with large round nuclei which practically fill the cell substance. 
They are divided into large and small lymphocytes. The nuclear chromatin 
is coarser and ‘‘ lumpy.” (Plate IV.) 

(3) Monocytes (10-18 /i) : this is a convenient term used to describe a 
group orcells which are ill understood and suffer from a multitude of labels. 
The group includes the mononuclear cells, hyaline, and transitional cells 
among others. They are large pale cells with a pale-staining round or indented 
eccentric nucleus, the chromatin of which is finely reticular and non-granular 
protoplasm. Representative monocytes are depicted in Plate IV. 

Normal Count. ^ — The normal range of the white cell count is, 4000- 
ll^OOjper c.nmi. Considerable variations between these limits may occur 
iiTthe same individual from day to day, from hour to hour, and even from 
minute to minute. The count is made up approximately as follows : granulo- 
cytes 70% (neutrophils 50-70, eosinophils 1-4, basophils 0-1), lymphocytes 
20-40, monocytes 2-8%. (In children neutrophils are about 10% less and 
lymphocytes about 10% more than in adults.) Representative absolute 
numbers of the different cells per c.mm. might be as follows : neutrophils 
3000-6000, eosinophils 150-400, basophils 0-100, lymphocytes 1500-2700, 
monocjdjes 350-800. 

An increase in the white count may be produced by exercise or the 
injection of adrenaline. The leucocytosis alleged to be induced by meals 
probably represents nothing more than the normal random fluctuation. 
The white count rises during the latter months of pregnancy and reaches its 
peak (about 17,000 per c.mm.) with the onset of labour.^ 

It may be supposed that stores of white cells exist in various parts of the 
body, and they may appear and disappear from the circulation with great 
rapiditv under various circumstances. 
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1 Garrey and Bryan, Physiol. Rev., 1935, 15, 697. 

2 Nordenson, Quart. J. Med.^ 1939, 5, 311. Sturgis and Bethell, Physiol. Rev., 1943, 23, 
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In new-born infants tbe white count is about 20,000 per c.mm. ; after 
the second week it begins to decline (Fig. 122). During infancy the lympho- 
cyte is the predominant blood cell, constituting 40-50% of the coimt. 

Development of White Corpuscles — In the embryo the white cor- 
puscles develop in the mesoderm and migrate secondarily , into the blood 
vessels. In extra-uterine life the granulocytes develop normally exclusively 
in the red marrow ; the lymphocytes and monocytes also develop to a slight 
extent in the marrow, but their main site of origin is in the lymphoid tissues 
of the body (Plates III and IV). 

Granulopoiesis.^ — The process can be well studied in the artificially 
simplified marrow of a pigeon or rabbit (p. 163). Myeloid activity is best seen 



Fig. 122. — Red and White Cell Count from Birth to 12 years of age. 

(Whitby and Britton, Disorders oj the Bloody Churchill.) 

at the periphery of the marrow in close proximity to dilated sinuses, and is 
wholly an extra-vascular process (Fig. 123). Between the fat cells, branched 
reticulum cells can be seen— irregular in outline, free from granules or mito- 
chohdna, and with faintly basophil cytoplasm. These cells multiply by 
mitosis to give rise to the primitive white blood cell : the nucleus is large and 
s^erical and surrounded by a thin rim of basophil protoplasm. The stages 
in the development of each type of granulocyte are : primitive white cell, 
myeloblast, myelocyte A or premyelocyte, myelocyte B or myelocyte proper, 
myelocyte C or metamyelocyte, leucocyte. These cells may all be identified 
in stained marrow smears obtained from sternal punctures in man and they 
show the typical, successive changes of maturity (p. 164). 

1 Doan, Cunningham, and Sabin, Contribviion to Erribryology, Carnegie Publications, 
1925, 25, 227. Blackfan, Diamond, and Leister, Atlas of Blood in Children^ KY., 1944. 
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Myeloblast (12-18 /i).— This cell develops from the primitive white cell ; 
the miclens is pale purple-blue, large and round with finely stippled chromatin 

and several nucleoli. The 
I A-” cytoplasm consists of a narrow 

w ^ blue rim without granules. 

F/% Myelocyte (12^18 

These cells are characterized 
rw ^ m«o A Vbu « Y)j the appearance of granules 

in the cytoplasm. Using 
Leishman’s stain, the myelo- 
cytes may be classified accord- 
ing to the colour of their 
granules into neutrophil (most), 
eosinophil^ and basophil (very 

o myelocytes as a whole is 

I >-• more extensive and less baso- 

philic; the nucleus is smaller 
and more basophilic, the 
nucleoli have disappeared 
and the chromatin is coarser.^ 
(See Plate III.) 

If vital staining is em- 
ployed (Janus green and 
neutral red) three stages in 
the development of each 
variety of myelocyte may be recognized — ^types A, B, C, according to 
the number of granules which are present. Type A^ (the youngest, or 
1 Chromatin detail (usually ignored in histology classes) gives hsematologists valuable 
help in identifying atypical cells. 



Fig. 123. — Granulopoiesis in Bone Marrow. 

Marrow of Pigeon. Zone of granulopoiesw 24 
hours after feeding following hypoplasia in- 
duced by starvation. Vessels injected with 
T ndVn iulc. Practically every vessel in the field 
is widely dilated and well filled with ink. In the 
intervasoular spaces are numerous myelocytes. 
(Doan, Cunningham, and Sabin.) 


Key to Plate III. 

MATURATION IN MYELOID SERIES. 

1-3. Myeloblasts. 

4. Myelocytes type A ” or premyelocytes, 

6-7. Myelocytes type “ R.” 

8. Myelocytes type “ C,” metamyelocytes or late myelocytes. 

9, 10. Eosinophil myelocytes. 

11, 12. Basophil myelocytes. 

13. Young neutrophil : also called early, hand-form, or non-segmented neutrophil : nucleus 
is condensed and beginning to lobulate. 

14. Adult neutrophil : nucleus has two lobes. 

15. 16. Adult neutrophils : nucleus has three lobes. 

17. Ad^dt neutrophil : nucleus has four or more lobes. 

18. Aging neutrophil : nucleus has multiple lobulation. Cytoplasm contains sparser 
granules and some vacuoles. 

19. 20. Degenerated neutrophils : old and fragile cells disrupted in smearing process. 

21, 22. Adult eosinophils : nucleus usually has two or three lobes ; is filled with typical 
granules. 

23. Aging eosinophil • old and fragile cell disrupted in smearing process. 

24, 25. Basophils : nucleus usually has two or three lobes. C^oplasm is generally filled 

mth very large blue-black granules. 

Reproduced from Plates II and m, Blackfau, Diamond, and Leister, Atlas of the Blood, The Common- 
wealth Fund. New York, 1944. 
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fremyelocyte) contains a few granules staining with neutral red and many 
mitochondria ; typo C (the oldest, or metamydocyte) contains many granules 
staining with neutral red and few mitochondria; type B (the myelocyte 
proper) is intermediate. Cells may similarly be classifiedTTh smears stained 
with Leishman. 

Leucocytes, — Each type of metamyelocyte gives rise to the corresponding 
leucocyte (neutrophil, eosinophil, and basophil) ; the nucleus indents, and 
then becomes lobed ; the granules, in fresh preparations (on a warm stage) 
instead of being motionless, show dancing or streaming movements, and the 
cytoplasm becomes more liquid, so that amoeboid movements occur. The more 
mature white cells are found lying just external to the sinusoids, and pass 
actively through the intact endothelial lining of these vessels into the circulation. 
Senile leucocytes lose their motility, the granules are still and no longer 
stain with neutral red ; the cells break up readily in films, and the nucleus 
can be seen lying free, surrounded by faintly staining granules. As a 
leucocyte ages the complexity of the nuclear lobulation increases ; thus a 
very young leucocyte has a horseshoe-shaped nucleus, while an old cell may 
show four or five lobes joined together by very faint strands of chromatin. 

According to Sabin, showers ” of senile granulocytes can be seen several 
times a day in the circulating blood, wheji they may constitute 30% of 
the granulocytes. As the senile cells probably undergo rapid destruction, 
these findings suggest that the granul ocy tes function for only a day or 
two in the blood stream. This may be correlated with the fact that 75% 
of the cells of normal marrow are myeloid and only 25% are erythroid, 
although the ratio of white to red cells in the blood is about 1 : 1000. In 
regenerating animal marrow the percentage of colls per 100 myeloid cells 
counted, is as follows : neutrophil myelocytes — type C, 86 ; type B, 4 ; 
type A, 0*4 ; eosinophil myelocytes, 2*5 ; basophil myelocytes, 1 ; myelo- 
blasts, 1 ; polymorphs, 5. It will be noticed that the predominant cell is the 
most mature, type C myelocyte {metamyelocyte), i.e, the immediate precursor of 
the mature leucocyte. With sternal marrow smears in man, the proportion of 
myelocytes is lower and that of mature neutrophils higher, owing to a dmixt ure 
with peripheral blood. 

In aplastic ancemia atrophy of the myeloid (as well as the erythroid) tissue 
in the red marrow usually occurs and the ^anulocyte count in the circulating 
blood is very low. If a large transfusion is given the granulocyte count rises 
temporarily, but returns to its previous low level in less than 12 hours. This 
observation supports the conclusions of Sabin about the short life of the 
granulocytes. If blood is kept in a vessel outside the body the granulocytes 
die in a few hours, as is proved on examination of the white cells on the 
warm stage. If these dead cells are transfused they are removed almost 
instantly fiom the circulation. ^ ^ ^ 

Under certain circumstances, the reticulum cells in the spleen, instead 
of giving rise to lymphocytes or monocytes, may give rise to the myelocyte 
series of cells (p. 225). 

The Lymphocytes. — Development, — ^Normally the lymphocytes are 
formed chiefly in the lymphoid tissues of the body, i.e, lymph nodes, spleen, 
thymus, tonsils, Beyer’s patches [aggregated lymphatic nodules] in the 
intestine, and only to a minor extent in the bone marrow. In conditions 
associated with lymphocytosis and in lymphatic leukemia the marrow 
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lymphocytes become numerous and overshadow the other types of white 
cells. 

The details of the development of lymphocytes in lymphoid tissue are 
as follows. In the centre of the lymphatic nodules is the germinal centre, 
consisting of reticulum cells some of which differentiate and proliferate to 
form large cells with pale nuclei called lymphoblasts (Plate IV). These are in- 
distinguishable histologically from myeloblasts. They divide to form large 
lymphocytes, and they in turn become condensed in size to form small lym- 
phocytes, The lymphocytes form a more deeply staining zone at the periphery 
of the lymphatic nodules. They leave the gland in the efferent lymphatics 
and ultimately enter the circulation via the thoracic and right lymphatics 
ducts. If the thoracic duct is brought out to open on the surface, there is a 
substantial diminution in the number of circulating blood lymphocytes. The 
total number of lymphocytes entering the thoracic duct in the course of a 
day is about two and a half times as great as the total number present in the 
blood stream at any one time.^ This suggests that the life of the lymphocytes 
in the circulation does not exceed a few hours. The lymphocytes formed in the 
bone marrow pass directly into the circulation. 

Fate and Functions of Lymphocytes. — There is much doubt about 
the site of destruction of the lymphocytes ; one view is as follows. The 
germinal centres of the lymphoid nodules are not only concerned with 
lymphocyte formation but also contain many macrophages filled with frag- 
ments of dead lymphocytes ; it is suggested, therefore, that the lymphocytes 
1 Yoffey, J. Anat., 1933, 67, 250. 


Key to Plate IV. 

MATURATION IN LYMPHOID, MONOCYTE, AND THROMBOCYTE SERIES. 

1. Lymphoblast. 

2. Large or young lymphocyte : cytoplasm is fairly clear blue. 

3. Large {adult) lymphocyte : cytoplasm is fairly abundant and is clear light blue, con- 

taining several to many large reddish granules towards the periphery of the cell. 

4. Medium lymphocyte, 

fi. Small or adult lymphocyte. 

6. Erythrocyte, for comparison of size. 

7, 8. Large lymphocytes of the type most frequently in infectious mononucleosis. Nucleus 

is dense with some fenestration of chromatin, and is often eccentrically placed. 
Cytoplasm is abundant, with irregular edge ; it is clear light blue, denser at the margin. 
9, 10. Lymphocytes of plasma-cell type. Nucleus is eccentrically placed, darkly staining 
with dense chromatic clumps often in cartwheel arrangement. Cytoplasm is abundant, 
dark blue with clear areas near nucleus, and stains more densely at the periphery ; it 
often has a foamy appearance. 

11. Monoblast, 

12-15. Monocytes. Occasionally there are vacuoles, evidence of active phagocytosis, at 
the periphery of the cytoplasm (as in 16). 

16. Mononuclear phagocytes, endothelial phagocytes or clasmatocytes, the largest cells 
ordinarily found in the peripheral blood. Cytoplasm is finely granulated and 
contains many vacuoles of all sizes, often filled with ingested material. 

17’. Erythrocyte, for comparison of size. 

18. Megakaryocyte and PlateUts {thrombocytes). Cytoplasm is light blue with dark purple 
masses of ^anules and no visible cellular membrane ; it is here seen to trail in long 
pseudopodia from which masses of platelets break off and are scattered as individual 
platelets. 

Reproduced ftom Plates IV and V, Blackfan, Diamond, and Leister, AUas of the Blood, The Common- 
wealth Fund. New York. 1944. 
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return via the blood (or the lymphatics) to the lymphoid tissues where they 
are destroyed. 

Extracts of lymphocytes contain y-globulin, which is the plasma protein 
fraction containing the immune bodies, i,e, the substances concerned with 
protection against infections (p. 137). The dissolution of the lymphocytes 
thus discharges immune bodies into the efferent lymphatics and so into the 
circulation. The lymphoid tissues hypertrophy in the conditions enumerated 
on p. 1017 ; they atrophy early and markedly in starvation. 

Monocytes. — A separate line of development of the primitive white cell 
in the marrow and in lymphoid tissues gives rise successively to mcmoblasts 
and monocytes (Plate IV). Premyelocytes may closely resemble monooijHies 
but can be distinguished by the peroxidase reaction. The myeloid family in 
general contains a peroxidase which reacts with hydrogen peroxide and 
benzidine, when these are poured on to a film, to give blue cytoplasmic 
granules ; the enzyme is absent from the monocytes which therefore show 
no such granules. It must be noted, however, that even in the case of granulo- 
cyte series the enzyme does not appear before the premyeloc 3 rfce stage ; the 
peroxidase stain cannot therefore distinguish between myeloblasts and 
monocytes or between myeloblasts and lymphoblasts. 

The circulating monocjrfces are actively phagocytic and can ingest foreign 
particles such as pigment and blood protozoa ; they are possibly destroyed 
by the macrophages of the tissues. 

Changes in White Cell Count in Disease. — An increase in the total 
circulating leucocytes above 11,000 per c.mm. is known as leucocytosis ; a 
decrease below 4000 per c.mm. is a leucopenia. A differential leucoc}^e 
count enables the percentage and absolute numbers of the different varieties 
of white cell to be determined. The absolute figures are far more important 
than the alterations in the relative proportions. According to the type of 
cell involved, a leucocytosis may be described as neutrophil, eosinophil, 
or basophil leucocytosis, lymphocytosis, or monocytosis. Leucopenia is 
generally due to a neutropenia, i.e. a decrease in the neutrophil cells. 

Neutrophil Leucocytosis occurs in many infiammatory conditions, for 
example, in pneumonia, endocarditis, and pyogenic infections. The neutro- 
phils may number 20,000 or 40,000 or even 150,000 per c.mm., and constitute 
90-95% of the total white count. Great multiplication of the myelocytes 
occurs in the marrow, and leucocytes are discharged into the blood stream 
in enormous numbers. There is naturally an increase in the proportion^ of 
young leucocytes in the circulation ; this is known as a shift to the left. 

Eosinophilic Leucocytosis occurs in infections with parasitic worms, 
in allergic conditions (hay fever, asthma), scarlet fever, and many skin 
diseases. The marrow shows great proliferation of the eosinophil myelocytes. 
The level of circulating eosinophils is regulated directly by the adrenal 
corticoids and indirectly by ACTH. This subject is fully discussed on 

pp. 951 et seq. ^ •, 7 • 

Absolute Lymphocytosis is comparatively rare ; the relative number 
or percentage of l 3 nnphocytes is of course decreased in any condition of 
granulocytosis and it is increased when there is an absolute decrease in the 
granulocytes, as in enteric infections and many chronic ansemias. Beyond 
indicating a neutropenia these percentage changes are of no significance 
because the total lymphocyte count is unaltered. Absolute lymphocytosis is 
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a normal plienomenon in infants and occurs in certain diseases like wliooping- 
cougk and glandular fever. Lymphocytes predominate in the tissue response 
to the tubercle bacillus, and arc found surrounding malignant tumours. In 
conditions of lymphocytosis, hyperplasia of the red marrow occurs, and 
lymphocytes form the predominant element found there histologically.^ 

In wjectious mononucleosis the total white count rises, e.g, to 12,000 per c.mm. 
and 50-70% of the circulating cells may be abnormal-looking mononuclear 
cells— probably atypical lymphocytes. Monocytes are increased in some 
virus diseases and in protozoal infections such as malaria. 

Control of Leucopoiesis.^ — Comparatively little is known about the 
factors responsible for the maturation of the white blood cells or those which 
regulate their discharge into the circulation. Some of the factors regulating 
granulopoiesis will be considered here. Sabin observed that following the 



Fig, 124. — Effect of Nucleotide Injections on the Bono IMarrow of tlie 
Normal Rabbit. (Doan, J, Amer. med. Assoc., 1932, 09.) 


A.— formal marrow from upper end of tibia removed at biopsy prior to injections 
li. — Marrow from upper end of opposite tibia removed after 5 daily injections of 
nucleotide (0*3.') g. eacli). Koto tlie decrease in tlio fat spaces and the increase in 
cellularity which is due to hyperplasia of the myeloid cells. 


appearance of showers of senile granulocytes in the circulating blood numerous 
young motile cells could be found. It was suggested that some product of 
granulocyte disintegration stimulates the turning-out of new cells from 
the marrow, the normal count .thus being maintained. As nucleic acid 
is an important constituent of all nuclei, observations'”^ were made on the 
ejects of injecting this substance and its derivatives into normal animals. 
Sodium nucleinate, pentose nucleotide (which is normally present in blood), 
adenyhc or guanylic acid, adenine and guanine salts all induce a marked 
neutrophil leucocytosis and no toxic eiffects. The condition can be kept up 
for many weeks ; no immature forms appear in the blood. The red marrow 
shows intense myeloid hyperplasia (Eig. 124), and new centres of white cell 
formation may appear in the spleen or kidney. Pentose nucleotide Jols^q been 
used in the treatment of agranulocytosis (p. 222) ; it is uncertain, however, 
whether any members of this group are concerned with the normal control 
of granulopoiesis. 

^ In the leuhcemias, primitive white cells appear in the circulating blood. 

* Doan, J, Amer, med. Assoc,, 1932, 99, 194. 
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Inflammatory exudates in mammals and man contain protein constituents 
whicli influence white cell formation.^ A pseudo-globulin which is a leuco- 
cytosis-jproducing factor has been isolated ; when injected into animals it 
causes great extension and hyperplasia of the myeloid tissue in the marrow 
and a discharge of granulocytes into the circulation, leading to an increase 
up to fourfold in the circulating leucocytes, many of which are young ceils. 
It is likely that this globulin plays a part in the normal response of the bone 
marrow to infections. Another agent, a polypeptide, has been isolated from 
inflammatory exudates which induces a transient leucopenia when injected 
into dogs. The way in which the leucocytes disappear is not clear, but it is 
assumed that they are “ trapped ” in various organs, i.e. the lungs, the liver. 



Fig. 125.— Treatment of Agranulocytosis with Nucleotide. (Doan, J, Amer, med. 

Assoc., 1932, 99.) 

W«= absolute numbers of granulocytes and their precureore (*=myeloid cells) per c.mm. 

myelocytes shown as a percentage or total myeloia ceils. 

Note the initial increase in the myelocyte count which heralds the increase in granulocyte count. 


and espfeoially the spleen (perhaps accounting for the enlargement of the 
spleen in certain inflammatory states). It is probable that the white ceU 
changes in the marrow and blood in inflammation depend largely on tPc 
nature of the products absorbed from the affected tissues (p. 223). 

Agranulocytosis.® — In this disease the circulating granulocytes greatly 
decrease in number or almost completely disappear ; the lymphocytes are 
unaffected. Agranulocytosis is often due to the toxic action 
sulphonamides, amidopyrin, arsphenamine, gold or thiouracil. The patient 
is usually gravely ill and shows severe throat infections ; commonly there is 
bacterial invasion of the blood which rnay be the cause of death .♦ Examma- 
tion of the marrow proves that there is failure of granulocyte formation. In 
some cases {aplastic type) myeloid cells are not visible in the mairow, and no 
differentiation of the reticulum cells is taking place ; this group is at present 


1 Menldn, Dynamics of Inflammation, IHO ; 

2 Fettea and Whitby, Lancet, 1935, i, 205. 
1937, 6, 35. 


Amer. J. Path., 1943, 19, 1021. 

Israels and Wilkinson, Qmrt. J. Med., 
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not amenable to treatment. In others, myeloid development proceeds as far 
as the myeloblast or myelocyte stage, but mature granulocytes are not formed 
and are therefore not delivered into the blood (compare the imperfect matura- 
tion of the megaloblasts in pernicious anaemia (p. 196)). In some cases of the 
second group, the injection of nucleotide leads to an active response on the 
part of the marrow and finally to a restoration of the granulocyte count to 
normal. During the first few days of treatment immature cells (myeloblasts 
and myelocytes) appear temporarily in the blood stream (forming up to 15% of 
the granulocyte count) ; this is followed on about the fifth day by the entrance 
of young granulocytes and later of mature granulocytes into the blood and 
by an increase in the total white count (Fig. 125). The heralding of impending 
improvement by the transient appearance of immature white cells resembles 
the reticulocyte response seen in cases of pernicious ansemia treated with 
liver ; this likewise precedes the rise of the red cell count. Nucleotides and 
related substances thus promote the maturation of the granulocytes in this 
disease, as well as stimulating the myeloid cells to proliferate more rapidly 
in normal subjects.^ The associated infection is treated with a suitable drug, 
e.g. penicillin. 

Inflammation.^ — The cardinal features of inflammation are local heat, 
redness, swelling, and pain. The rise of temperature is due to increased 
blood flow from arteriolar dilatation ; the redness is due to capillary dilatation ; 
the swelling is due to excessive exudation and accumulation of protcin-rich 
fluid from the more permeable vessels in the tissue-spaces {inflammatory 
oedema,) The vascular changes are due to products of tissue damage or of 
bacterial disintegration or toxins. The outflow of protein-rich plasma carries 
the protective immune bodies (associated with the y-globulins) out of the 
blood to combat the organisms or their toxins in the tissues ; among these are 
antibacterial and antitoxic substances, agglutinins (which clump the bacteria 
together) and opsonins (which prepare the bacteria for ingestion by phago- 
cytes). At first, because of the arteriolar dilatation, the blood courses rapidly 
from the arteries to the veins. With progressive capillary dilatation and 
local hsemoconcentration the blood stream is increasingly slowed. The 
corpuscles at first remain in the centre of the capillary as an axial stream ; 
but the leucocytes somehow become adherent to the capillary lining and are 
prevented from being swept on. They soon pass out through the seemingly 
intact capillary wall (diapedesis) and escape into the crevices of the tissues, 
where they wander about. 

According to Menkin® all the phenomena of inflammation are due to 
specific agents which are released from the tissues, which have been injured 
by the bacterial toxins ; he probably underestimates the part played directly 
by bacterial toxins on the blood vessels, blood-forming tissues, and the organs 
generally. 

(i) Menkin believes that a diffusible chemical substance which attracts 
the leucocytes is liberated from the dead tissue cells and the dead bacteria ; 
he has isolated from inflammatory exudates a polypeptide {leucotaxine) which 
exerts a chemical attractive influence (cJiemotaxis) on the granulocytes 

^ A marked decrease in th.e granulocyte count may result from excessive destruction 
of these cells in splenic overactivity (“ hypersplenism,” p. 229). 

® Menkin, Physiol, Rev,, 1938, 18, 366 ; Arch, Path., 1943, B6, 269. 

» Menkin, J. exp. Med,, 1938, 67, 129 et seq. 
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causing them to migrate out of the capillaries ; it also increases capillary 
permeabihty. A similar substance is present in tryptic digests of serum ; 
leucotasine may therefore represent an intermediary product of tissue- 
protein hydrolysis. 

(ii) Probably bacterial toxins have similar actions. 

(iii) The bacteria in the tissues are dealt with by the leucocytes and the 
antibodies which have exuded from the plasma. The debris is liquefied and 
finally removed by tissue scavenger cells (monocytes, histiocytes). 

(iv) As was explained on p. 221, Menkin claims that a leucocytosis 
producing factor passes from the site of infection into the blood stream to 
stimulate the myeloid tissue in the red bone marrow ; a leucopenic factor is 
alleged to cause the ‘‘ trapping ” of circulating leucocytes. According to the 
nature of the infection, the proliferation of different kinds of white cells in the 
bone marrow is stimulated and different cells are trapped,’’ leading to a 
characteristic white cell picture in the circulating blood ; similarly, different 
types of cells pass out of the blood vessels into the inflamed area. 

(v) Two other agents described by Menkin may be released from damaged 
tissues at the site of infection : necrosin, which further damages the tissues 
locally and when it enters the general circulation damages organs elsewhere ; 
pyrexin, which disturbs the temperature-regulating mechanism and induces 
fever (p. 480). 


THE SPLEEN ^ 

Structure of the Spleen. — The spleen is covered by a capsule which 
contains fibrous tissue and tmstriped muscle. These plain muscle fibres 
contract at regular intervals (several times per minute) squeezing blood out 
of the spleen and thus driving it on towards the liver. The arteries pass in 
at the hilum surrounded by connective tissue, and soon divide repeatedly ; 
the smaller branches become surrounded by a mantle of lymphoid tissue 
which swells out in places to constitute larger nodules, the Malpighian 
corpuscles (bodies). These are scattered fairly uniformly through the substance 
of the organ and usually have a vessel in close relation to them. The inter- 
vening tissue or splenic pulp consists of a framework of fibres derived from the 
fibrous trabeculae which pass in from the capsule and accompany the incoming 
arteries. 

The special cells found in the pulp are (Fig. 126) : 

(a) Large amoeboid phagocytic cells which are part of the macrophage 
(reticulo-endothelial) system : (b) reticulum cells which show characteristic 
responses in various pathological states (p. 161) ; (c) a few giant cells. 

Vascular Arrangements. — There is still considerable uncertainty about 
the vascular arrangements in the spleen ; Ehiisely’s views are as follows : 
after passing through the Malpighian body the small artery breaks up into 
a bunch of arterioles with well-developed muscular coats which constitute 
the afferent sphincter ; the arterioles lead into a network of intercommunicat- 
ing capillaries or sinuses which drain into collecting venules, and then into 
small veins. At the junction of sinus and venule there is a further aggrega- 
tion of circular muscle fibres which constitute the efferent sphincter. Some 

^ Pearce, XrumbhaAr, and Frazier, Spleen and AncBmia, Philadelphia, 1918. Barcroft, 
Lancet, 1926, i, 319. Krmnbhaar, Physiol. Bev., 1926, 6, 160. 
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workers believe that there is free communication through aperttires of varying 
size between the blood in the sinuses and venules with the interior of the 
pulp. Fig. 126 illustrates this view and shows the pulp packed with red cells, 
many of which have been taken up by macrophages ; it also shows the free 
passage of blood cells from pulp to venules and from venules to pulp. Knisely, 
from his studies of the living spleen, believes, on the ^ contrary, that the 
endothelial lining of the splenic sinuses and venules is quite intact and 

that under normal conditions 
blood cells cannot pass out 
into the pulp. He describes 
the^ following remarkable 
variations in the blood flow 
through the smaller splenic 
vessels (Fig. 127) (but it 
must be emphasized that 
a his findings still lack inde- 
pendent confirmation) : 

(i) There may be a rapid 
blood flow from afferent 
arterioles to venules through 

b narrow capillaries. 

(ii) Filling Phase. — The 
efferent sphincter contracts 

c preventing the outflow from 
capillaries to venules. The 
capillaries become progres- 

sively distended with blood 
cj and can now be called 

sinuses. Their high internal 
pressure drives plasma out 
into the pulp, so that the 
sinus becomes a sack tightly 
packed with red corpuscles. 
Fio. 126. — Structure of Splenic Pulp. (Sharpey- Phase. — The 

Schafer, Essentials of Histology.) afferent Sphincter closes SO 

a, a =red cells in pulp and venule; b, (i=reticulo-endothelial that the Sack of corpuscles is 
cells (macrophages) in pulp and venule containing ingested ghrit off from thp rirpnlatinn • 
red cells ; c=reticulum cell ; «= venous sinus ; e=endo- ixoin uiie circuiabion , 

thelial lining ; /= network of fibres outside venule. neghgible numbers of red 

. ^ cells escape into the pulp, 

(iv) Emjptyi'ng Phase. — After minutes or hours the sphincters relax and 
the blood pressure drives the thick paste of cells into the venous circulation. 
Fed cells only appear in the pulp and undergo phagocytosis there as a result 
of trauma to the spleen, or in dying animals. 

The points of agreement in these conflicting descriptions are : (i) the 
spleen can store red blood cells at times (in the pulp or in the sinuses) and then 
discharge them into the general circulation ; the magnitude of this storage 
function varies with the species and is small in man ; (ii) during storage the 
red cells are either broken down by macrophages or, while separated from 
the plasma in the sinuses, they may be so modified that they are subsequently 
more liable to undergo disintegration. The main point of difference is, of 
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course j whether the red cells come in direct contact with the cellular elements 
of the pulp. 

Weight of Spleen. — Average data from people who have died of accidents 
show that the spleen increases in weight progressively during the period of 
body ^owth to an adult level of about 150 g. ; there is some decline during 
later life. The individual weights in such series show, however, a marked 
degree of scatter ; most normal adult spleen weights lie between 50 and 
250 g. with a few under 50 g., and a few at 300-350 g. The wide range of 


Fig. 127. — Changes in Blood Sinuses of Transilluminated exteriorized 
Spleen, showing Filling, Storage and Emptying Phases. 

A.S.=aflrereiit sphincter on afferent arterioles. 

E.S.=eflferent sphincter at junction of capillary (sinus) and venule. 

1. Free flow firom afferent arteriole through sinus to venule {conduction phase). 

2. Efferent (distal) sphincter beginning to close ; sinus filling. 

3. 4. Efferent sphincter shut. Sinus greatly distended, plasma escapes, red 

cells retained. In 4, afferent (proximal) sphincter also closed phase. 
5. Emptying phase ; efferent (distal) sphincter relaxes and the thick paste-like 
contents of the venous sinus are discharged into the venule. (Hnisely, Anat. 
Rec., 1936, 65, 38.) 


weight may in part be related to the varying amounts of blood present in 
the organ at death. 

Functions of the Spleen. — 1. Blood Formation. — (i) During the 
second half of foetal life the spleen is actively- engaged in forming red blood 
co^uscles (p. 160). In .states of emergency, as in ansemia caused by 
desjjruction of the bone marrow this function may be resumed in post-natal 
life, (ii) The Malphighian corpuscles are characteristic nodules of lymphoid 
tissue, and by their proliferation add to the number of lymphocytes in the 
circulating blood (p. 218). 

In the leuhcemias the normal cells of the splenic pulp disappear, and are 
replaced by masses of lymphoid cells in lymphatic leukaemia, and by numerous 
myeloblasts or mvelocytes in the myeloid type of leukaemia. 

8 





226 


FUNCTIONS OF SPLEEN 


2. Blood Destruction. — The macrophages of the spleen are believed to 
destroy red cells (p. 187), lymphocytes, and blood platelets (p. 155). The spleen 
is undoubtedly a site of hsemoglobiri breakdown and of bilirubin formation 
(p. 188). The spleen may make the red cells which are stored in its sinuses or 
in the pulp more spherocytic and so more liable to undergo haemolysis {infra). 

3. Reservoir of Red Corpuscles. — In some mammals {e.g. cat, dog) 
the spleen is an important reservoir of red blood cells, which are discharged 
into the general circulation in states of emergency associated with anoxia, 
thus increasing the oxygen-carrying power of the blood. Anoxia acts on the 
central nervous system, causing a discharge of impulses along the sympathetic 


REST EXERCISE 




Fig. 128. — Contraction of 
Spleen (Cat) after Exer- 
cise. (Barcroft, Lancet, 
1926, i, 319.) 


Fig. 129. — Increased Red Cell Concentration and 
Spontaneous Haomolysis in Blood expelled from 
Resting Spleen. (Mellgren, J. Physiol., 1939, 
94, 483.) 

All the bloods were centrifuged 50 minutes after being drawn. 
” ' “ " ’ - . - - . 5 blood taken at suc- 


Hsematocrit tubes, 1 to 6 : splenic venous 1 

cessive intervals during contraction of the spleen result- 
ing from mechanical stimulation of the organ. 

Tubes 7, 8, and 9 contain blood from inferior vena cava, externa 
jugular vein and carotid artery respectively ; these serve as 
controls 'with respect to hsematocrit value (i.e. corpuscular 
concentration) and plasma colour. 

Note the higher red cell content in the splenic venous blood 
especially in tubes 2, 3, 4, 5, when the splenic contraction 
was maximal and the blood •previously stored in the organ was 
being expdled. Spontaneous hsemolysis (causing darkening 
of the plasma) is present in the blood in tubes 2 to 6. 


nerves to the spleen and 
the adrenal medulla ; under 
the combined nervous and 
hormonal stimulation the 
spleen contracts, by virtue 
either of the smooth muscle 
in the capsule and trabeculaB, 
or by the emptying of the 
filled blood sinuses. Anoxic conditions which produce these effects are : (i) 
diminished oxygen tension in the inspired air {e.g. high altitudes) ; (ii) carbon 
monoxide poisoning ; (iii) haemorrhage ; (iv) severe muscular exercise 
(Fig. 128). Emptying of the spleen also results from mechanical stimulation, 
from raised external temperature which is associated with an increase in 
plasma volume and dilution of the cells of the blood, during oestrus (heat) 
and pregnancy (thus providing blood for the turgid generative organs), and 
during ether and chloroform anaesthesia. 

Stored blood expelled from the spleenhsis certain distinctive characteristics:^ 

(i) Its red cell content is above that in the general circulation (Fig. 129). 

(ii) The sedimentation rate is markedly slowed down (indicative of reduced 
rouleau formation). 

(iii) The cells are more spherocytic (p. 170), and so undergo haemolysis in 
hypotonic saline at concentrations as high as 0*65%. 

1 Watson and Paine, Amer. J. med. Sci., 1943, 205, 493. 
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(iv) On being allowed to stand in vitro the blood undergoes spo7itaneovs 
hai77iolysis to a significant extent (unlike blood from other vessels or organs) ; 
this point is well illustrated by Fig. 129 in which splenic vein blood was allowed 
to stand for 50 minutes after it was drawn before being centrifuged. These 
findings suggest that the storage phase may prepare the red cells for hcemolysis 
(in the spleen or elsewhere). 



HOURS DAYS WEEKS MONTHS 

Figs. 130 A and B. — Effects of Splenic IManipnlation and Splenectomy in Case of Con- 
genital Ha3molytic (Acholuric) Jaundice. (Modified from Sharpe et ah. Arch. int. 
Med., 1939, 64, 270.) 

Upper B-ecord : Changes in red cell count. Lower Becord : Changes in white cell count. 

At arrow, Splen.= Splenectomy performed. 

Note the enormous increase in circulating red cell and white cell counts produced by manipulation of 
the spleen at operation. The red cell count shows a temporary decline from the maximum and then 
rises as the beneficial effects of splenectomy develop. The white cell count slowly sinks to normal. 
[Other forms of ansemia do not show these reactions.] 


(v) The red cells in the spleen may give staining reactions indicating that 
their intracorjniscular haBmoglobin has been broken releasing inorganic iron 
in situ. 

The blood storage function of the spleen in normal man has not been 
convincingly demonstrated. Thus, though both injection of adrenaline and 
7nuscular exercise increase the red cell count in man, they produce comparable 
effects in splenectomizcd subjects and therefore the changes cannot be 
attributed to splenic contraction. 

In cases of congenital hcBmolytic jaundice (p. 229) the spleen can discharge 
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large numbers of red cells (and white cells) into the general circulation. 
When exposed at operation (for splenectomy) the organ is seen to be very 
large ; during its mechanical manipulation it rapidly becomes smaller. This 
, — 1 change is associated with a marked 



Eig. 131 . — ^Effects of Splenectomy in Case 
of Grave Hajmolytic Anaemia with 
Circulating Haemolysin, (Drawn from 
data by Dameshek and Schwartz, 
New Engl. med. J., 1938, 218, 76.) 

Records from above downwards: haemoglobin 
per cent. (100% =15-5 g-%); reticulocytes 
per cent. ; red cell count (millions per c.mm.). 

On admission : grave anaemia (red cells 1-6 
million, haemoglobin 45%), evidence of 
haemolysis (jaundice, raised serum bilirubin), 
and marked red marrow response (hyper- 
plastic bone marrow, normoblaste pre- 
dominating, reticulocytes 12-22%). Diag- 
nosis of haemolytic anaemia. Circulating 
haemolysin subsequentiy demonstrated in 
serum. Condition rapidly deteriorated in 
spite of repeated tr.msfusions (750 c.c. and 
500 c.c. of blood injected at points indicated 
by arrows). 

splenectomy carried out when almost moribund. 
Rapid progressive improvemont in state of 
blood and decline in reticulocytos. The 
removed spleen weighed 500 g., was con- 
gested, and contained infarcts; no increase 
in splenic macrophages. 


increase in red cell count, hocmoglobin 
concentration, and total white cell 
count of the peripheral blood . Typical 
results are shown in Fig. 130; the 
effects of splenectomy in this disease 
are considered on p. 229. 

4. Relation to Hjemolysin 
Formation. — When red cells of a 
foreign species are repeatedly injected 
into an animal, specific hsemolysins 
are formed (p. 170) in the spleen and 
other organs probably by the reticulo- 
endothelial system. There are also 
rare clinical conditions in which the 
spleen forms hoemolysins that destroy 
the patient’s own red cells. Fig. 131 
shows the blood findings in such a 
case. The patient gave one month’s 
history of progressive weakness, pallor, 
and jaundice. There was evidence of 
ansemia of the htemolytic type, with 
increased serum bilirubin, and an active 
marrow response as shown by a high 
percentage of circulating reticulocytes 
and normoblastic hyperplasia in the 
bone marrow. The patient rapidly 
got worse in spite of repeated blood 
transfusions and liver therapy. When 
he was almost moribund splenectomy 
was performed ; the removed organ 
weighed 500 g. The operation was 
followed by smooth recovery. 'A 
hcBmolysin was demonstrated in the 
serum. In other cases the serum 
hsemolysin found was destructive to 
cells of all the blood groups including 
the patient’s own cells, was pecuhar 
in character, and was antagonized by 
incubation with normal human serum ; 
a hjemolysin with similar properties 
was extracted from the spleen. Blood 
from this kind of case usually gives a 
positive Coombs test (p. 172). 

The evidence just presented streng- 
thens the suspicion that the spleen 
may normally be concerned with the 
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li 80 molysis of red cells or with subjecting them to some treatment preparatory 
to actual haemolysis. 

5. Relation op Spleen to Purpura H^SMORRHAorcA. — See p. 159. 

6. Defence Reactions. — There are many observations to show that the 
macrophages (reticulo-endothelial system) including those in the spleen, are 
actively concerned in the defence of the body against infection. Thus, if 
the macrophages generally are poisoned by injection of collargol,^ the amount 
of immune bodies formed by the animal is diminished. Splenectomized 
animals cannot be immunized against tetanus toxin. After splenectomy 
animals succumb more readily to intercurrent infections than do the controls. 
The splenic cells unite readily with diphtheria toxin and retain it, and thus 
prevent it from exerting harmful effects on the body as a whole. Bacteria 
injected intravenously are taken up with great rapidity by the macrophages, 
which are also concerned with engulfing larger parasites, like those of kala- 
azar. It was pointed out (p. 218) that the macrophages in the germinal 
centres of lymph nodules destroy lymphocytes and so release their contained 
immune body (y-globulin). In many subacute and chronic infections, e.g. 
in typhoid fever, the sinuses of the lymph nodes and the splenic pulp are 
packed with mononuclear cells which presumably deal with the invading 
organisms. 

Congenital Haemolytic (Acholuric) Jaundice.^ — In this disease the 
cells are shorter and fatter than normal (spherocytes) ; as there is a reduced 
ratio of cell surface to cell volume the cells show increased fragility in hypo- 
tonic saline (p. 170 and Kgs. 95, 96). If the cells from a patient are trans- 
fused into a normal person they have a abort survival time, e.g. 14 days 
(normal about 100 days). No abnormal haemolytic mechanism has been 
demonstrated in these patients. Because the cells are abnormal they are 
destroyed excessively rapidly in the patient’s own body producing anaemia. 
Korn time to time and for no known reason erybhropoiesis is temporarily 
suspended ; the anaemia then becomes very severe as half the circulating red 
cells can be destroyed in 7 days. The serum bilirubin is raised in this disease 
and jaundice develops {hoBinolytic jaundice, (p. 190)), but no bile pigment 
appears in the urine (hence the name “acholuric” (cf. p. 193)). The red 
marrow shows compensatory normoblastic hyperplasia and the reticulocyte 
count is high. 

As already pointed out there is marked red cell storage in the spleen in 
this disease (p. 227 and Kg. 130). Splenectomy arrests the abnormal blood 
destruction ; the serum bilmubin falls, the jaundice disappears, and the red 
cell count gradually rises to normal ; but the spherocytosis and the increased 
cell fragility in hypotonic saline remain unaltered. It is not clear how 
splenectomy produces its beneficial effects. 

Hypersplenism. — Clinically cases are encountered in which enlargement 
of the spleen is associated with suggestive evidence of overactivity of the 
organ, leading to excessive destruction of blood platelets, granulocytes, and red- 
blood cells to a varying extent. Some or all of the following changes may be 
found in the blood : 

(i) A marked decrease in the platelet count (Fig. 132) sometimes associated 
with signs of purpura (p. 159). 

1 Collargol is a colloidal silver preparation. ^ ^ r -r -,0 i/m 

* Dacie and MoUison, Lancet, 1943, ii, 550 ; Dacie, Qimrt, J, Med., 1943, 12, 101. 
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(ii) Decrease or disappearance of tlie neutropliil granulocytes (granulo- 
penia, neutropenia), in spite of active myeloid proliferation and maturation 
in the bone marrow. 

(iii) Ancemia due to excessive blood destruction (with raised serum 
bilirubin and jaundice, and sometimes with evidence of marked erythro- 
phagocytosis in the spleen). 

These patients are cured by splenectomy. Immediately after the operation 
there may be a marked overswing of the platelet count (e.g. to 2*5 million 
per c.mm.), and of the granulocyte count {e.g. to 20,000 per c.mm.) ; these 
reactions probably indicate that the hypertrophied bone marrow goes on 
manufacturing these cells in large numbers, and as they are no longer being 



Fig. 132. — Effect of Splenectomy in Thrombocytopenic Pur- 
pura attributed to Hypersplenism. (Modified from 
Wiseman and Doan, Ann. int. Med., 1942, 16, 1100.) 

Girl aped 12 siifferinji from purpurit; lueniorrhaKes. There was moderate 
secondary anaemia, mild neutropenia, and almost complete disappear- 
ance of blood platelets. Following splenectomy the platelets rose 
rapidly to over 2*5 millions/c.inm. There was also a temporary 
granulocytosis. 


excessively destroyed, their count in the blood temporarily rises to a high 
level ; ultimately a normal state of the blood is attained. 

Probably no hard and fast distinction should be drawn between this 
group labelled hypersplenism, cases of splenic anaemia with circulating 
hsemolysin, and cases of purpura haemorrhagica (with low platelet count) 
that benefit from splenectomy. Our knowledge of splenic function in healtli 
or disease is too uncertain to allow dogmatic opinions on the subject. 

Results of Splenectomy. — The main results of splenectomy in normal 
animals are : ^ 

(i) An ancemia of the hypochromic type, mild or moderate in character, 
which usually reaches its severest stage after \\ months and is followed by 
slow and steady recovery during the succeeding three or four months 
(Pig. 133, A). The red count rarely falls below 3,000,000 per c.mm. or the 
haemoglobin below 55%. These results are quite unexpected in view of the 
relationship of the spleen to red cell destruction. Unfortunately there are 
few data on the subject in normal human beings. Krumbhaar believes that 
1 Singer and Weisz, Amer. J. med. 8ci., 1945, 210, 301. 




RESULTS OF SPLENECTOMY 


231 


the spleen gives rise to some substance which normally stimulates the marrow 
to activity and that the anaemia is due to decreased marrow activity. 
The anaemia is later compensated for by hyperplasia of the red bone 
marrow. 

(ii) The red cells are thinner and consequently are more resistant to 
the action of hypotonic saline (Fig. 96) ; their life span is not prolonged. 

(iii) In animals in which the spleen is an important reservoir of red cells, 
there is diminished resistance to severe anoxia from any cause {e,g. 
haemorrhage, CO poisoning). 




Fig. 133. — Changes in Hsemoglobin Values and Eed Cell Count after Splenectomy in 
Normal Dogs. (Knimbhaar et al.. Spleen and, Ancemia,) 

Hb% : haemoglobin concentration g. per 100 c.c. (A) 

RBC ; red cell count in millions per c.mm. (B 


(iv) Blood destruction and bilirubin formation continue to an undiminished 
extent (p. 188) from compensatory activity of macrophages elsewhere. 

(v) In some animals resistance to certain forms of infection is decreased. 

(vi) There is an unexplained increase in the total number of leucocytes, 
perhaps to 20,000-40,000 per c.mm. ; this is almost entirely due to the 
increase in the neutrophil count, which returns to normal very slowly (Fig. 
133, B), 

Splenectomy in Man.^ — This operation is beneficial in man in congenital 
hsemolytic jaundice (p. 229), hypersplenism (p. 230), splenic anaemia with 
circulating hsemolysin (p. 228), and some cases of purpura hsemorrhagica 
(p. 159). 

^ Learmonth, Brit med. */., 1951, ii, 67. 
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Note on Terminology op Abnormal Blood Conditions in 
Infants and Children. 

The terminology of these conditions is liable to give rise to confusion ; 
they are gathered together here and commented on briefly in the hope of 
producing some degree of clarity. 

Haemolytic Disease (p. 180) ; a condition due to the haemolytic action of 
the Ehesus antibody on the foetus and new-born infant. Some of the mani- 
festations of this disease are named as though they were independent clinical 
syndromes (which they are not). These names include : icterus gravis 
neonatorum ; congenital anaemia of the new-born ; erythroblastosis foetalis 
(erythroblastaemia) ; hydrops foetalis ; kernicterus. 

Icterus Neonatorum {Jaundice of New-horn) (p. 192) : probably due to 
functional immaturity of the liver. 

Hcsmorrliagic States in Infants (p. 153) : possibly due to Vitamin-A 
deficiency. 

HcBmojphilia (p. 150). 

Purpura (p. 157). 

Congenital Hccmolytic Jaundice or Icterus {Congenital Acholuric Jaundice; 
Congenital Hcemolytic Ancemia) (p. 229) : a congenital abnormality of structure 
of the red cells. 



Ill 

THE HEART AND CIRCULATION 

STRUCTUEE AND PROPERTIES OF HEART MUSCLE i 


Cardiac Muscle. — The muscle fibres of the heart are cylindrical in shape, 
have a nucleus situated centrally, and branch, uniting by their branches 
with adjacent fibres (Fig. 134). They are longitudinally striated as is all 


C. 


P.F. E. 



Fig. 134. — Structure of Heart. (Lewis, Mechanism and Graphic 
Begistration of Heart Beat.) 


Section through sheep’s heart. 

G.=Muscle fibres of ventricle. 

P.P.=Purkinje fibres (separated by connective tissue.) 

On the right-hand surface is the endothelial lining of the ventncle (E.). 
N’ote the large size of the Purkinje fibres. 


muscular tissue, and in addition tliey show some tTCinsv&Tsc striation. As no 
definite cell membranes are present between the individual fibres, heart 
muscle must be regarded as a syncytium. For all practical pmposes there is 
functional continuity throughout the muscle tissue of the auricles and of the 

ventricles respectively. „ , . . it 

Special Junctional Tissues of the Heart.^— Tins term is employed 
to describe certain tissues in the heart which are concerned with the imtiation 
and propagation of the heart beat. They include the mio-auncular node 
and the junctional tissues — the latter consisting of the auricuh-ven^oular 
node ; the auriculo-ventricular bundle, or bundle of His ; the nght and 
left divisions of the bundle, and their arborizations under the endocardium 
1 “ Consult, peruse and study ” Lewis, Mechanism and Graphic Begistration of Heart 
Beat, 3rd edn., London, 1925. 

® Nonidez, Amer, Heart* J*, 3943, 26, 577. 
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and the terminal fibres which penetrate the ventricular substance (Fig. 135). 
The bundle of His and all its ramifications may be called PurUnje tissiie 
(oi fibres). 

(i) The Sino- Auricular Node is situated at the junction of the superior 
vena cava and the free border of the right auricular appendix, and extends 
down along the sulcus terminalis for a distance of 2 cm. It is 2 mm. in 
width and has a rich capillary blood supply. It consists essentially of thin, 
elongated muscle fibres (about one-third the size of heart-muscle fibres), 
fusiform in shape and longitudinally striated, which interlace with one 
another in a plexiform manner. These fibres normally initiate the heart beat ; 
for this reason the sino-auricular node is called the 'pacemaker. Nerve cells 
and fibres for min g the excitor relay of the vagus nerve (Fig. 135) and excitor 
(postganglionic) fibres of the sympathetic are also present (p. 268). 


Vagi 


I 

Coronary sinus « 


Right branch 
of Bundle of His 



Fig. 135. — ^Diagram to show Arrangement of Special Tissues of Heart. (After Wiggers.) 

(ii) The Auriculo- Ventricular Node is situated at the posterior and 
right border of the inter-auricular septum near the mouth of the coronary 
sinus. Auricular muscle fibres from the region of the coronary sinus collect 
fanwise, interlace, and unite with the auriculo-ventricular node. In structure 
this node is identical with the sino-auricular node.^ 

(iii) The Bundle of His runs upwards to the posterior margin of the 
membranous part of the interventricular septum and then forwards below it, 
ensheathed and isolated in a canal. At the anterior part of the membranous 
septum, in front of the attachment of the septal cusp of the tricuspid valve 

1 The sino-auricular node is a right-sided structure developing from tissue which lies 
at the entrance of the primitive right great vein (which later becomes the superior vena 
cava). This explains the position of the node and its supply by the right vagus nerve. 
The auriculo-ventricular node is a left-sided structure, supplied therefore by the left 
va^B nep-e, and developed from tissue in the vicinity of the entrance of the left great 
veins which beconnes the coronary sinus. The anatomical position of the two nodes is 
thus also accounted for (Keith). 
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to the A.V. ring, the bundle forks. The left division pierces the membrane 
and then lies on the upper border of the muscular septum to enter the sub- 
endocardial space of the left ventricle beneath the union of the anterior and 
right posterior cusps of the aortic valve. This relation to the aortic valve 
is important, and explains how this branch of the bundle may be implicated 
in aortic incompetence. The right division passes down the right side of the 
septum and is mainly transmitted in the moderator band. Both branches 
are continued as an arborization of fibres lying under the endocardium of 
both ventricles from which terminal fibres penetrate the ventricular wall. 

Purldnje tissue (bundle of His and its branches) differs histologically 
from cardiac muscle. In man the Purldnje fibres are somewhat larger 
(range 10-46 //, mean 16 g) ; the cell outlines are indistinct ; the central 
cytoplasm is granular and contains several nuclei ; the peripheral cytoplasm 
contains myofibrillae but these are separated by more sarcoplasm ; the 
glycogen content is greater. Intermediate forms between typical Purkinje 
fibres and cardiac muscle fibres are numerous. The bundle of ffis contains 
nerve fibres and many blood vessels. 

Properties of Heart Muscle. — (1) Excitability and Contractility.— 
Heart muscle is excitable, Le, it responds to external stimuli by contracting. 
The “ all-or-none ” law (p. 489) applies to the heart : if the external stimulus 
is too weak, no response is obtained ; if the stimulus is adequate, the heart 
responds to the best of its ability. In this connection the auricles or ventricles 
behave as a single unit, so that an adequate stimulus normally produces a full 
contraction of auricles or ventricles. TbLe^f orce pf the contraction obtained 
depe^^qn_the ste^e in which the muscle fibres.fijad themselves. The fpr.ce 
varies^with'(i) the init%al3ngi%W^^^^ (p. 275) ; (ii) the duration of the 
prevhmaiZia^ifi43uw56 ; and (iii) the ^trition_m ^ "^pr23&) . 

(2) Refractory Period. — (i) Throughout the period of contraction, 

heart muscle is ahsolutely refractory and does not respond at all to external 
stimuli. Summation effects are ^mpo^ible, because one contraction must be 
completed and recovered fromlieK a^Iresh one can be set up ; aoj-cpnse- 
quence, heart,. muscle can not develop a to^nus. T he a l i sol ia tR refra ntoj*^ 
period ' qf^uncuLar muscle for heart minute is. about 

second. 

" "^'(ur Shortly after the contraction is over, the muscle is relatively refra^y. 
Minimal stimuli fail to produce a response, but very strong stimuli are 
effective. The force of contraction during this period is also subnormal. 
Finally, full recovery occurs.^ 

(3) CoNDUOTiyiTY is a property of all heart muscle, but is especially 
developed in the bundle of His and its branches (the Purkinje tissue). Cqn- 
ductipiLjtu-^.PuiKnje_J;issue is at the rate of 4 metres per second, in the 
auricu lar wall 1 me tre per^second,^^^^ iii _,tlie-Yeutncidar w .metre 
p er second . In the A.Vr nodiTconduction is very slow— about 0*2 metre 
per second. (Large nerve fibres in ma mm als conduct at a rate of about 100 
metres per second.) The excitation process is normally transnntted from one 
point in the heart to the adjacent one with no di mi nution of intensity, as in 

1 t>»a rAWtnry T^ftnod is longes t inthe A.V. nod^ intermediate in the ventricles, ajd 
s hortest in theauM egT^^an^^ hke agtahs and" qmnidine, prolong the absolute 

refractory peribdr“sSmnlation of the vagus shortens the duration of systole, and so 
diwinishes the refractory period. 
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nerve. When the Puikinje tissue is damaged, it conducts more slowly and 
with diminished intensity like narcotized nerve (p. 489). 

(4) Rhythmicity. — T he heart has the power of initiating its own impulse, 
without recourse to external agencies. Normally this function is carried 
out by the S.A. node, but under exceptional circumstances the heart beat 
may be initiated for long periods by the A.V. node or other parts of the 
junctional tissues (cf. p. 286). 

Nutrition of the Heart. — This may be studied by perfusing the isolated 
heart through its coronary vessels. The heart is removed from the body, 
a cannula inserted into the aorta pointing towards the heart, and connected 
with a pressure bottle. The nutrient fluid under pressure is forced into the 
cannula, closes the semilunar valves, perfuses the coronary arteries, and thus 
reaches the heart muscle ; it returns to the right auricle via the coronary 
sinus. The heart is attached to a recording lever and is soon found to contract 
rhythmically (note that the ventricles are empty). The r61e of the following 
factors can be demonstrated : 

(1) Temperature. — Cooling the perfusing fluid slows the heart and may 
finally stop it ; warming the fluid quickens the heart. These effects are 
due to alterations in the metabohe rate of the S.A. node. 

(2) Pressure. — If the pressure of the perfusion fluid is lowered, the force 
of contraction is diminished (cf. p. 237). 

(3) Oxygen Supply. — If this is inadequate, the beat becomes feeble and 
irregular and finally stops. 

(4) Constituents op the Perfusing Fluid. — The inorganic constituents 
are more important than the organic. For the mammalian heart, fluid 
with the following salt concentration is best : NaCl, 0*9 g., CaCl 2 , 0*024 g., 
KCl, 0-042 g., NallCOs, 0-0I-0-03 g., distilled water, 100 c.c. 

The part played by each constituent is as follows : 

— The NaCl is mainly responsible for giving the fluid its proper 
osmotic pressure so that it may be in equilibrium with the tissues. Na+ ions 
must be present in the interstitial fluid to maintain the excitability of heart 
muscle (and skeletal muscle and nerve), its contractility and its rhythmic 
activity. 

— If Ca++ ions are added to the perfusing fluid, the force of the heart 
is increased. If Ca++ is present in excess, the heart contracts well, but relaxes 
progressively less ; the beats become progressively smaller in extent, and 
finally the heart stops in a condition of extreme contraction {calcium rigor), 
— Excess K+ causes increasing relaxation of the heart, and ^ally 
brings about arrest in complete diastolen 

ion Concentration, — The fluid must be slightly alkaline. Increased 
H+ ion concentration causes relaxation of the heart and feebleness of the 
beat ; excessive alkalinity produces the reverse effect. Excessive artificial 
respiration in an intact animal results in washing out of CO 2 from the blood 
and consequent alkalsemia ; the heart contracts forcibly but does not relax 
during diastole to receive the venous return, and so the output and blood 
pressure fall. 

Metabolism of Heart Muscle.^ — Cardiac muscle resembles skeleta. 
muscle in its chemical composition and in its metabolic processes (cf. p. 4216) 


^ dark et al,. Metabolism of Frog's Heart, London, 1938. 
45, 733. 


Evans, Edin, med. J,, 1939, 



CORONARY CIRCULATION 


237 


Certain differences are noteworthy, the most important being that cardiac 
muscle cannot continue to beat after its Og supply has been used up, i.e. it 
cannot incur an oxygen debt (p. 439). The effects of cutting off the coronary 
blood flow are, therefore, grave (p. 238). Heart muscle can take up lactaie 
as well as glucose from the blood. 

The oxygen consuin'piion of the heart varies with the amount of work it 
has to perform ; it thus increases when the peripheral resistance, heart rate or 
output per beat rises (the other factors in each case remaining constant). 
The optimum mechanical efficiency of the heart is about 30% (cf. p. 431), 
and is observed when the cardiac output is high. 

In the intact animal increased peripheral resistance is, however, often 
associated with reflex cardiac slowing ; the work of the heart may then increase 
without increased oxygen usage, Le. its efficiency increases under these 
circumstances. Efficiency also increases with rising output per minute up to 
a certain point ; if the heart is overworked, however, it dilates and its 
efficiency falls off again. 

Coronary Circulation.^ — Nerve Suffly , — The coronary vessels receive 
a rich innervation from both the vagus and the sympathetic. The va^s 
conveys constrictor fibres to the coronary arteries. Section of the vagi in- 
creases, and stimulation of the peripheral end of the vagus diminishes the 
coronary flow ; in the latter case the same result is obtained even if the heart 
is artificially maintained at its previous rate by means of electrical stimula- 
tion. Stimulation of the sympathetic dilates the coronary arteries ; cerebral 
anaemia and asphyxia produce coronary dilatation, in part by stimulation 
of the sympathetic supply to the coronary vessels. 

The blood supply to the heart is adjusted to its varying needs, the main 
factors responsible being oxygen tension, CO 2 tension (and ion concentra- 
tion), mean blood ^pressure, nervous reflexes, temperature, adrenaline, and 
certain non-add products of activity. 

(1) Blood Composition, — Anoxia greatly increases the coronary flow; 

a fall in the oxygen saturation of the arterial blood to 80% has little effect, 
but a fall to 50% may increase the flow four- to fivefold. Excess GO^ has a 
much smaller effect. A change in the GO 2 content of the inspired air from 
3 to 7% only increases the coronary flow by 50%. Adrenaline, as might be 
expected, dilates the coronary arteries in most species (p. 725). ^ 

(2) Influence of Arterial Blood Pressure.— The mean aortic blood pressure - 
is one of the main factors which control the coronary circulation. Thus in 
the denervated heart-lung preparation (dog) (p. 270) an increase in mean 
blood pressure from 50 to 130 mm. Hg may increase the coronary flow from 
20 to 250 c.c. per minute. A low blood pressure from any cause similarly 
leads to an impaired blood supply through the coronaries and defective 
nutrition of the heart, which further depresses the state of the circulation. 

( 3 ) Influence of Cardiac Output— i£ the nerve supply of the heart is intact 

it is found that the coronary flow increases as the cardiac output increases. 
Anrep attributes this response to reflex inhibition of the vagal vasoconstrictor 
fibres to the coronary arteries. ^ ^ 7 ^ rm.* 

(4) Coronary flow during the Yarious Phases of the Cardiac Cycle. This 

^ Gregg, Physiol. Rev., 1946, 26, 29 ; Coronary Circulation in Heallh and Disease, 1950. 

2 By ” mean blood pressure is meant the mean of systolic and diastohe presstire. 

^ Green, Gregg, and Wiggers, Amer. J. Physiol., 1935, 112, 62/. 
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depends on the resultant of two main factors : the aortic blood pressure and 
the state of the coronary blood vessels. The main coronary inflow occurs 
during the period of ventricular diastole^ while the main outflow occurs during 
ventricular systole. Closer analysis shows that three phases can be recognized 
(Fig. 136) : During the isometric contraction phase the aortic blood pressure 
is minimal and the intramuscular branches of the coronary vessels are firmly 
compressed by the contracting wall of the ventricle. The coronary infiow is 
consequently sharply reduced (a) (but the outflow is correspondingly increased). 
During the ejection phase the coronary inflow follows the rise and fall of aortic 
blood pressure (b). During isometric relaxation the coronary inflow mounts 

steeply because the aortic pressure is 
high and the ventricular wall is now 
relaxed (c). The inflow, however, goes 
on rising to about the middle of the 
diastole (for no very clear reason) 
although the aortic pressure is falling. 
The inflow declines during the rest of 
diastole with the decrease in diastolic 
pressure.^ 

(5) Coronary Flow in Exercise in 
Man. — This can be calculated with a 
fair degree of accuracy and turns out 
to be about one litre per minute in the 
most violent exercise.^ This immense 
coronary flow may be attributed in 
the light of the results discussed above 
to the following factors : local rise of 
COg tension and of H+ ion concentra- 
tion and the liberation possibly of 
non-acid dilator metabolites (cf. 
p. 316) ; low oxygen tension in the 
heart ; secretion of adrenaline ; reflex 
inhibition of the vagal vasocon- 
strictor fibres ; raised systemic blood 
pressure. 

Results op Coronaky Occlusion.® — Experimentally it is found that if 
both main branches of the left coronary artery are tied, death usually results 

1 Compare p. 432 for the blood flow changes during contraction in skeletal muscle. 

2 The maximum output of the heart per minute in exercise is about 40 litres. Let us 
assume the mean blood pressure to be 100 mm. Hg. The wtyrk of the left ventricle (out- 
put x resistance) can then bo calculated and is found to be equivalent to 128 g.-calories 
(the small calorie is hero referred to). If the mechanical efficiency of the heart is 
taken at a maximum of 33%, the total energy liberated by the chemical changes is 
128 X 3=384 g.-calories per minute. If the work of the right ventricle is one-fourth that 
of the left (owing to the low pulmonary pressure), the total energy output of the heart 
is 384+96=480 g.-calories per minute. 96 c.c. O 2 are needed to liberate this energy (1 c.c. 
O 2 — 5 g. calories). If 12 c.c. O 2 are obtained from each 100 c.c. of coronary blood, the 
flow through the coronary arteries must be at least 800 c.c. p&r minute (HiU). 

® The detailed distribution of the coronary arteries is described by Gross (Blood 
Supply of Hearty 1921, New York) ; the anterior descending branch of the left coron- 
ary is particularly important because it is occluded more often than all the other 
branches added together. This branch supplies portions of hath ventricles, i.e. the apex 
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Fig. 136. — Changes in Coronary Inflow 
during Phases of Cardiac Cycle. 

Upper record A : Aortic pressure tracing. Lower 
record 0 : Coronary inflow. Vertical lines 
S, D, mark onset respectively of ventricular 
systole and diastole, a, b, c= phases of 
coronary flow. (Green, Gregg, and Wiggers, 
Amer. J. Physiol., 1935, 112.) 



ELECTRICAL CHANGES IN HEART 2^9 

immediately from ventricular fibrillation (p. 294). If the circumflex or 
anterior descending branch alone is hgated, no serious circulatory changes 
may be noted. If the right coronary artery is hgated, about half the experi* 
mental animals may survive for longer or shorter periods. 

Clinically coronary occlusion may prove fatal instantaneously or within 
a few minutes, hours, or days, or death may occur later from heart failure, or 
good recovery may take place. The condition is characterized by pain which 
may be severe and prolonged, persisting for hours or days ; it may be relatively 
unaffected by morphine. The symptoms of coronary occlusion are fully 
considered on p. 750, to which reference should be made. The referred 
pain in this condition has a very wide distribution, and may be accompanied 
by tenderness and rigidity of the abdominal wall, nausea, and vomiting. 
There are marked signs of shock : ashen-grey hue, sweating, and a very feeble 
pulse. The blood pressure falls markedly, sometimes to an extent which 
interferes with the secretion of urine. The electrocardiographic changes 
are considered on p. 251. The usual signs of heart failure may develop.^ 

ORIGIN AND SPREAD OF THE CARDL4C IMPULSE. 
ELECTROCARDIOGRAPHY ^ 

Electrical Changes in Heart. — Electrical methods have proved of 
great value in the study of the origin and propagation of the excitation 
process in the heart and in the investigation of climcal disorders of the heart’s 
action; The special instrument employed for these purposes is the electro- 
cardiograph 

When nerve or skeletal muscle is stimulated, the active region becomes 
electrically negative with respect to a resting region, resulting in a char- 
acteristic deflection (p. 484) ; the same is true of heart muscle. The duration 
of the electrical disturbance varies with the tissue ; in nerve fibre it is one 
or a few milli seconds (p. 490) ; in skeletal muscle it is a little longer but 
coincides approximately with the latent period, the electrical change being 
completed by the time that muscle tension begins to develop (p. 502). In 
cardiac muscle, however, the electrical disturbance persists throughout the 
period of systole and some electrical change may be present even in diastole ; 

of the left ventricle, the left anterior third of the right ventricle, and part of the inter- 
ventricular septum. There . s a rich anastomosis between the branches of the same 
artery and between the right and left coronaries in their capillary and precapillary dis- 
tribution. The vascular needs of heart muscle are so enormous, however, that if a 
sufficiently large branch is blocked, death of the corresponding region of the heart (infarc- 
tion) may take place. If a coronary vessel is slowly narrowed an adequate collateral 
circulation is gradually established so that the vessel may finally be completely closed 
without harm. According to Gross, anastomoses thro^hout the coronary circulation 
become more effective and more extensive with advancing years, so that, other factors 
being equal, the heart of a man at 60 is better prepared to withstand the effects of coronary 
occlusion than the heart of a man at 20. The results of coronary occlusion therefore 
depend on the size and location of the vessel, the rate of formation of the thrombus, the 
age, and the state of the general circulation. 

^ Ratnoff, Ifedicim, 1946, 25, 285. 

® Lewis, Mechanism and Graphic Ilegisiraiion of Heart Beat, 3rd edn., London, 1925. 
Goldberger, Unipolar Lead El^trocardiography, Phila., 2nd ecffi., 1949. Nahum and 
Chernoff, in Fulton, Textbook of Physiology, 16th edn., 1949. Hill, Lancet, 1950, i, 986, 
1027. 
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stage of recovery with, the T waves of the electrocardiogram of the entire 
ventricle when indirect leads are used. No one knows exactly how the 
mono-phasic single fibre potential is transformed into the complex waves of 
the ventricular cardiogram.^ The following points should be noted : the 
arrangement of the ventricular fibres is extremely complicated ; the exact 
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Fia. 137.— Action Potential of Single Heart M^cle Fibre (Frog Ventricle). (After 
Woodbury, et clL, Circulation, 1950, 1, 264.) 


(a) Disposition of electrodes. 
S= surface electrode. Int. 


= electrode in interior of fibre. 


(6) Below rrctTo'n potential of single fibre. Ordinate : millivolts (mV). Zero base line : potential 
of surface of resting fibre. Downward deflection : relative negativity of interior of fibre. 


Upward deflection : relative negativity of surface. 

A, fibre at rest. B, stage of excitation (invasion, 

D, stage of recovery (retreat, “ repolarization ”). ^ . 

Above : electrocardiogram of &og ventricle (one cycle) using indirect leads. 


‘ depolarization ”). C, stage of possession. 


course of tte invasion process tkrougi the ventricular -wall is not known with 
certainty, especially in man ; the duration of the phase of possession in any 
region is tinknown ; the exact sequence and rate of repolarization are obscure. 
It is, therefore, impossible to describe the moment to moment changes in 
the pattern of current flow in the heart except in fairly general terms. To 
this extent the basic analysis of electrocardiographic curves is imperfect even 
in the case of the normal heart. 

1 Note also that the voltages recorded from the whole heart by indirect leads are small 
Compared with the directly recorded single fibre potential. 
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The currents which are generated in the heart are conducted throughout 
the body fluids ; from the electrical standpoint the heart can be regarded 
as being suspended in a bag of saline which acts as a volume conductor. If 
the chest is opened, or if the medium round the heart is altered in other ways 
{e.g. by pericardial effusion, pneumothorax, or the presence of emphysema) 
the pattern of current spread through the body fluids is altered and the 
electrocardiogram recorded by indirect leads is correspondingly modified. 

Electrocardiographic Leads. — Two kinds of indirect leads are employed; 
uni'polar and hipolar, 

1. Unipolar Leads. — One electrode, the exploring electrode, is placed 
on an area of the body surface. The other, or indifferent electrode, is kept at 
approximately zero potential by connecting electrodes, placed respectively 
on the right arm, left arm, and left leg, ‘to a central terminal through a 5000 
ohm resistance. (The currents from the three limbs neutralize one another.) 
The indifferent electrode undergoes no significant change during the cardiac 
cycle. When a unipolar lead is used the electrocardiogram records the 
potential changes which affect the exploring electrode only. 

The following unipolar leads are used ; they are labelled V, followed by 
a letter or by a letter and number describing the position of the exploring 
electrode. 


Name of 
Unipolar 
Lead. 

Position of Exploring Electrode. 

VR . . 

Right arm. 

VL . . 

Left arm. 

VP . . 

Left leg (F=foot). 

VC . . 

Chest. 


Six chest positions are described : 

VC 1 . . 

4th intercostal space to right of sternum. 

VC2 . 

4th intercostal space to left of sternum. 

VC3 . . 

Midway between left sternal border and mid- 


clavicular line on a line joining positions 2 and 4. 

VC 4 . 

5th intercostal space in mid clavicular line. 

VC 5 . . 

5th intercostal space in left anterior axiUary line. 

VC 6 . . 

5th intercostal space in left midaxillary line. 

VC7 . . 

5th intercostal space in left postaxillary line. 


The chest leads VC 1-7 are sometimes called V 1-7. 


The wiring employed is by convention such that when the exploring 
electrode is negative relative to the central zero terminal the record is 
deflected downwards ; when the exploring electrode is positive the record 
is deflected upwards. 

(1) Unipolae Limb Leads.^ — Each unipolar lead can be regarded as being 
projected as a solid cone on to the surface of the heart. The cardiac area 
subtended by the cone and which thus “ faces ” the electrode is called the 
froximal zone ; most of the rest of the heart, which ‘‘ faces away ’’ from the 
electrode, is called the distal zone. There is a narrow intermediate zone between 
1 Xalium d at, Amer, J. Physiol, 1948, 163, 529, 640, 647 ; 164, 369. 
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the above mentioned zones (of. Fig. 142). There is evidence that negativity 
in the proximal zone causes a downward movement of the record. Changes 
in the intermediate zone have little effect. The record, therefore, moves up 
or down when negativity predominates in the distal or proximal zone 
respectively. This view of the origin of the unipolar lead electrocardiogram 
is illustrated in Fig. 138. When excitation begins in the proximal zone, 
the negativity there produces a downward deflection. As excitation spreads 
to involve the distal zone the record begins to move upwards again towards 
the base line (ix, the isoelectric line). 

As recovery associated with positivity 
develops in the proximal zone there 
is a deflection upwards above the 
base line. As the distal zone also 
recovers and becomes positive the 
record returns again to base line. It 
is believed that only electrical changes 
at the pericardial surface affect the 
indirect leads. 

Fig. 142 shows the approximate 
distribution of the proximal and distal 
zones in the human heart when the 
unipolar limb leads VR, VL, and VF 
are employed. 

(2) Unipolar Chest Leads.^ — 

Fig. 143 shows the position of the 
proximal zone in man in the case of 
each of the six unipolar chest leads. 

The proximal zone is much smaller 
than in the case of the limb leads 
and is roughly the portion of the 
heart which lies under the exploring 
electrode; there is overlap of the 
proximal zone of one position with 

those on either side of it. As the • , ^ 

position of the exploring electrode recedes away from the ventricular surface 
(in chest positions 5, 6) the proximal zone becomes larger. In all the chest 
positions of the exploring electrode the “ neutral ” intermediate zone too is 
large. Negativity at the chest electrode is recorded as a downward) deflection. 

2. Bipolar Leads.— (1) Classical Limb Leads.— These are the leads 
which have been most extensively used in man ; a vast amount of infonnation 
has consequently accumulated correlating the electrical with the climcal and 
post-mortem findings. These leads were also used in the earher fundamental 
studies of the o rig in and spread of the cardiac impulse and m the analysis of 
experimentally induced abnorinalities of the heart’s action. The classical 
limb leads are : 

Lead I : from right arm and left arm. 

Lead II : from right arm and left leg. 

Lead III : from left arm and left leg. 

1 Nahum and Hoff, Am&t. J- Physiol., 1948, 15o, 215. 
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Fig. 138. — Ihlode of Production of Unipolar 
Lead Electrocardiogram. 

D, P : distal and proximal zones of muscle mass. 
E : electrode of unipolar lead. 

1. Excitation associated with negativity begins in 
proxhnal zone : deflection downwards. 

2 Ovfing to spread of excitation, negativity also 
develops in distal zone : record returns to 
base-line. 

3. Recovery begins in proximal zone : deflection 

upward. 

4. Recovery extends to distal zone : record 

returns to base line. 
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By conveation, negativity at the cranial or at the right-hand electrode 
is recorded as an upioard deflection. Representative records are shown in 
Fig. 139. 

These limbs are still the most useful for the majority of clinical purposes ; 
they are, however, dif&cult to account for in terms of current flow in the heart. 
Each of the two electrodes in the bipolar leads is affected by the related 



Fia. 139. — SinmltaneoTis Electrocardiograms in Normal Person. Leads I, II, III and 
Chest Lead^ (OR 4) (Cardiographic Department, Middlesex Hospital.) 


proximal and distal zones. The deflection recorded thus represents the 
algebraic sum at any moment of the potentials at each lead. The classical 
limb curves can be derived from the unipolar limb lead curves thus : 

Lead I=Lead VL— Lead VR. 

Lead III=Lead VF-Lead VL.^ 

(2) Bipolar Chest Leads. — The exploring electrode is placed on any 
one of the seven chest positions called 1-7 ; the other electrode is placed on 

^ The lead is from chest position 4 and the right arm ; the record closely resembles the 
unipolar chest Lead VC4 (Kg. 143). 

* It can be shown that Lead II=Lead I+Lead III. 
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the right arm (=Leads CK 1 to 7), left arm (=Leads CL 1 to 7) or left leg 
(=Leads CF 1 to 7). 

Origin and Spread of the Cardiac Impulse— The cardiac impulse 
arises normally in the sino-auricular node, spreads over the wall of the 
auricles and thus reaches the auriculo- ventricular node. It then passes 
down the bundle of His, its branches and terminal ramifications, exciting 
the ‘septum, apex and base of the ventricles in that order. The evidence 
for these statements is as follows : 

Sino-Auhicular Node. — (1) The sino-auricular node oi pacemaker, initiates 
the cardiac impulse and thus indirectly sets up the heart beat. This node 
becomes electrically negative before any other part of the auricle, proving 
that it is the first region to become active. 

(2) The P wave represents the invasion of the auricles by the cardiac 
impulse. Normally, in bipolar leads I, II, and III, P is an upward deflection. 
It can be readily shown that the direction of the deflections recorded by 
a fixed pair of electrodes is related to the direction of spread of the impulse. 
Thus in the muscle strip illustrated in Fig. 140A, a stimulus apphed at S 
causes the impulse to travel in the direction AB : activity develops first at 
A, recorded conventionally as an upward deflection, and then at B, recorded 
as a downward deflection. If the stimulus is applied at 8' the impulse travels 
in the direction BA ; activity develops first at B, giving an imtial downward 
deflection, and then at A, giving a subsequent upward deflection. Similarly, 
the normal upward direction of the P wave in the bipolar limb leads is related 
to the normal pattern of spread of the impulse through the auricles. If the 
S.A. node is artificially stimulated during diastole, a new impulse is set up 
there which is associated with a normal P wave because the ‘‘ forced ’’ (Le. 
artificially induced) impulse is traveUing along the normal route. ^ But if the 
impulse is set up from any other point on the auricles, the P wave is abnormal 
in character — flattened or inverted — showing that an unusual path has now 
been taken by the excitation process (Fig. 166). 

When the unipolar leads are used, the direction of the P wave depends 
on whether the proximal or distal zone of the lead becomes negative first. 
Thus in the unipolar right arm lead (YR) the P wave is normally a dc^ward 
deflection proving that the first region in the auricle to be excited is in the 
proximal zone of this lead, presumably in the right auricle. In the umpolar 
left leg lead (YF) the P wave is normally directed upwards, proving that the 
initial auricular activity is in the distal zone of this lead, presumably in the 
upper part of the (right) auricle (Fig. 142). v i ■, j 

(3) If the S.A. node is extirpated, the P wave in the bipolar limb leads 
disappears or becomes inverted (Fig. 140B), showing that a new site of 
impulse formation has been set up. It is worthy of note that the new 
pacemaker usually proves to be the aunculo-ven'bricular node (cf. p. 286). 

(4) Cooling the S.A. node within physiological limits slows, and warming 
it quickens, the whole heart. These effects cannot be produced from any 

other part of the auricle- i p x-u 

Spread in the Auricles. — The impulse spreads out uniformly from tne 
S.A. node over the walls of both auncles as a ripple spreads out over a pond 
into which a stone has been dropped, or as fluid spreads when poured on to 
a flat surface. It spreads through the auricular muscle to reach the mu^ular 
sleeves surrounding the openings of the great veins, and the auriculo-ventncular 
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SPREAD IN VENTRICLES 


node wMcli lies in tlie posterior part of the right auricle. No special con- 
necting band esdsts between the S.A. and A.V. nodes. 

Bundle oe His.— Experimental evidence proves that the bundle of His 
is the sole connecting strand between the auricles and ventricles. If the 
bundle of His is compressed, a proportion of the auricular impulses may fail 



Fig. 140a. — Effect of Direction of Spread of 
Impulse in Heart Muscle on Direction of 
Initial Electrical Deflection . Direct Leads. 

S : point stimulated on upper strip. 

S': point stimulated on lower strip. The initial 
deflection is upwards in the upper record, and 
downwards in the lower record. 
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Fig. 140b. — Two Electrocardiograms 
(cat) taken immediately before 
(upper record) and after (lower 
record) crushing the region of the 
S.A. Node (Lead 11). In the lower 
figure the rate is slower and the 
auricular wave P is inverted instead 
of upright, indicating a change of 
pacemaker. Time in -sV sec. (cf. 
Figs. 166, 166). (Lewis.) 


to reaoli tlie ventricles, the rate of which may, for instance, become only 
half that of the auricles. If the bundle is completely divided in animals 
or destroyed by disease in man, the auricles and ventricles are completely 
dissociated/^ and beat quite independently one of the other ■ the auricles 
then beat at their usual rate in response to impulses generated in the S.A. node, 
while the ventricles beat much more slowly — thirty to forty times per minute 
— in response to a new rhythm centre in their own substance, probably 
situated in the part of the bundle below the point of section (cf. p. 283 and 
Pig. 1G2), 

Spread in the Ventricles. — The impulse spreads down both branches 
of the bundle of His to reach the right and left ventricles separately. Fig. 141 
illustrates the time relations of the activation of the various parts of the 
ventricles. The anterior septal region is excited first, whence the impulse 
spreads to the right anterior and right posterior ventricle. The apex and 
left posterior ventricle are usually excited later. Lastly the base of the heart is 
invaded. Note that corresponding points in the right ventricle are affected 
before those in the left ventricle. It takes the impulse 0-013 second to pass 
from the bundle of His to the apex, and 0-04 second to arrive at the endo- 
cardial surface of the base of the left ventricle. The impulse is carried from 
apex to base by the Purkinje fibres ; injury to the endocardial surface of the 
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heart beneath which this tissue lies, delays the propagation of the impulse. 
From each point on the endocardium, the excitation process affects the 
corresponding part of the epicardial surface. The last part of the heart to 
become excited is the epicardial surface of the base of the ventricles, after 


0*055 second in the case of the right 
base and after 0*065 second for the 
left base. It must be noted that the 
whole of both ventricles is invaded 
by the excitation wave in well under 
0*1 second. 

The figures quoted above are 
based on results which have been 
obtained in the dog by the electrical 
method of timing the arrival of the 
impulse at various points on the 
ventricles. Essentially similar re- 
sults have been obtained by direct 



observations on tbe exposed heart in i4i.-Diagram to illustrate the Time 
'inan. ^ Relations of the Spread of the Escita- 

If one branch of the bundle is tion Process in the Ventricles of the 


divided (say the right branch), the 
left ventricle receives its impulse 
normally, but the impulse reaches 
the affected right ventricle only 


Bog. The figures represent time in 
seconds ; zero time, *0000, represents 
the arrival of the excitation process at 
the top of the interventricular septum. 
(Lewis.) 


after some delay, because it must 

spread across from the normally stimulated left side to reach the right 
ventricular muscle and the right branch of the bundle below the side of the 


block (cf. p. 285). 

Rate of Conduction. — The rate of conduction in the auricular wall is 


1 metre per second, in the A.V. node 0*2 metre per second, in the bundle of 
His and Purkinje fibres 4 metres per second, and in the ventricular wall 
0*4 metre per second. 

Interpretation of Waves of Human Electrocardiogram. — Auricular 
Complex (P Wave). — (1) Limb Leads /, II and III (Fig. 139). — The first 
upward deflection P has a rounded or pointed summit, and its duration is 
0*1 second. It represents the passage of the impulse from the sino-auricular 
node over the auricles ; the A.V. node is reached at about the summit of P . 
The magnitude of the P wave is some guide to the functional activity of the 
auricular muscle. In mitral stenosis the left auricle is hypertrophied, and 
correspondingly the P wave is prominent, or bifurcate. In auricular fibrilla- 
tion the P wave disappears and is replaced by a series of fine irreg|^ar 
oscillations, corresponding to the rapid irregular excitation of the auricles 
(Fig. 172), If the cardiac impulse arises in an abnormal focus and spreads in 
other than the usual direction, the P wave is altered or even inverted, 
becoming a downward deflection (Fig. 166). The P wave may be prolonged 
if the spread of the excitation process is delayed as a result of auricular 
disease. 

(2) Unipolar Leads . — The features of the P wave in these leads are shown 
in Figs. 142 and 143. It should be noted that P is normally inver^d in Lead 
VR ; in fast records P is seen to consist of several small deflections. 
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Conduction Time of Bundle op His (P-R. Interval). — The time 
interval from, the begnudng of P to the cominencenieiit of R, ix, the P-R 
interval, is a guide to the conduction time of the bundle of His. When the 
classical limb leads are used the true conduction time is the interval from the 
top of P (when the A.V. node is excited) to the beginning of Q (when the 
invasion of the ventricles commences). It is easier, however, to measure the 
P-R interval (the Q wave is inconstant and of small size), and undoubtedly 
it is mainly taken up by the passage of the impulse along the bundle and its 
branches. The P-R interval in health varies between 0-13 and 0*16 second, 
the extreme limit of the normal being 0*2 second. When it exceeds 0-2 
second there is delayed conductivity in the bundle of His. When the P-R 
interval is shorter than normal, the impulse has probably. arisen in the A.V. 
node and has therefore excited the ventricles sooner than is normally the 
case (of. Fig. 165 and p. 286). 

Ventricular Complex (QRST Waves). — Following P there is a brief 
isoelectric period ; a succession of deflections then appears, namely : Q, a 
small (often inconspicuous) downward one ; R, a prominent upward one ; 
and S, another downward one ; the record then returns once more to the 
base line. The duration of QR8 in man is about 0*08 sec. ; the upper hmit 
of the normal is 0*1-0*12 sec. The final T wave is a broad upwardly directed 
deflection, with an average duration of 0*27 sec. The duration of QRST is 
thus about 0*4 sec. The upstroke R just coincides with the onset of ventricular 
systole ; the end of the T wave coincides approximately with the end of 
ventricular systole or may outlast it slightly. 

Interpretation of QRST. — Because of the complex way in which the 
electrical records are produced when bipolar leads are employed, this question 
must be considered principally with reference to unipolar leads. Fig. 142 
shows the probable distribution in man of the proximal and distal zones of 
unipolar limb leads VR, VL, and VF, and the corresponding electrocardio- 
grams ; the distribution of these zones has been established with considerable 
accuracy in the dog. As these zones and their related electrocardiograms are 
similar in dog and man, the results obtained in the dog are probably a useful 
guide to the events which occur in the human heart. The proximal zone of 
each lead corresponds to that portion of the heart which is subtended when a 
sohd cone (whose walls are tangential to the heart surface) is projected on it 
from : (i) the central point in the right shoulder in Lead VR ; (ii) the central 
point in the left shoulder in Lead VL ; (iii) a point at the centre of the 
junction of the torso with the left hind limb in Lead VF. 

In all leads QRS represents the stage of invasion, the ST segment and the 
T wave the stage of repolarization. 

^ (1) Unipolar Right Arm Lead (VR).— In the dog the proximal zone of 
this lead is the anterior right ventricle {except the right apex), the right lateral, 
and the right posterior ventricle, the upper two-thirds of the interventricular 
septum and the basal paraseptal portion of the anterior left ventricle. The 
distribution is similar in man. The rest of the heart (except for a narrow 
intermediate zone) is the distal zone. The initial ventricular deflection in 
dog and man is a downstroke, Q, which represents negativity starting in the 
proximal zone. It is followed by an upstroke, R, representing development 
of relatively greater negativity in the distal zone. There is then a short 
downstroke, S, representing momentary preponderance in proximal zone 
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negativity ; this is followed by a return to the base line (isoelectric line), 
representing balanced activity of proximal and distal zone. QES (in all 
leads) conesfonis in time and duration with the period of invasion of the 



Fig, 142. — ^Approximate Distribution of Proximal and Distal Zones of Unipolar 
Limb Leads VR, VL and VF of Human Heart and corresponding Electro- 
cardiograms. (Modified and redrawn from Nabum and Chemoff, in Fulton’s 
Textbook of Physiology, W. B. Saunders Co., 1949.) 

VE=uiiipolar right arm lead. YL=unipolar left arm lead. VF=» unipolar left leg lead. 

ventricles and is the resultant of the complex electrical interference between the 
proximal and distal zones which occurs during the spread of theinvasion process. 

The duration of the stage of possession at any point is unknown. The 
rest of the ventricular complex, t.e. the ST segment and T wave, is due 
predominantly to the complex pattern of repolarization. As relative negativity 
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in tile proximal zone produces a downstroke, relative positivity in this region 
produces an upstroke ; the reverse is the case with the distal zone. In 
Lead VR, after a short isoelectric period, there is a well-marked inverted 
(downward-directed) T wave, indicating that repolarization is proceeding 
more rapidly in the distal than in the proximal zone. Direct experiment 
shows that the left apical region (which lies in the distal zone of Lead VR) 
repolarizes first. 

(2) Unipolae Left Aem Lead (VL). — In the dog the proximal zone is 
the upper two-thirds of the anterior surface of both right and left ventricles, 
and the basal portion of the posterior surface of both ventricles ; most of 
the rest of the heart is in the distal zone. The ventricular complex in Lead 
VL is readily affected by changes in the position of the heart. When the heart 
is vertical, VL tends to resemble VR : there is a short initial upstroke R 
(negativity in distal zone) followed by a big downstroke S (negativity in 
proximal zone) and a quick upstroke to base line. The T wave is inverted. 
When the heart is in the normal semi-transverse position, VL tends to 
resemble VF ; there is no Q wave and R is large and upright ; the record 
then returns to the base line ; T is upright. 

(3) Ukipolae Left Leg Lead (VF). — In the dog the proximal zone 
is the left apex, the major portion of the posterior left ventricle, and 
the lower third of the anterior left ventricle. There is an initial large 
upward R wave (initial negativity in the distal zone), then a downstroke 
S (predominant negativity in the proximal zone) and return to base line. 
T is erect. 

T Wave. — The following general statements may be made about the 
T wave in any unipolar lead : 

(i) A ‘‘ flat ” or absent T wave indicates an equal rate of repolarization of 
the distal and proximal zones. 

(ii) An upright T wave indicates that repolarization is relatively slower 
in the distal than in the proximal zone. 

(iii) A downward T wave indicates that repolarization is relatively slower 
in the proximal zone. 

Deviations from the normal appearance of the T wave in any lead indicate 
abnormalities in the pattern of the repolarization process. The T wave is 
readily modified by many conditions, e.g, anoxia, ischaemia, application of 
heat or cold to the heart or by large doses of digitalis, for the reasons just 
stated. 

U Wave, — Nothing is known about the mode of production of the U 
wave, which is seen in certain leads {e.g. VF and some of the chest leads). 
It occurs early in ventricular diastole, 

(4) Unipolar Chest Leads.— Fig. 143 shows the proximal zones of the 
chest positions 1-6 and the corresponding electrocardiograms (VC 1-6). As 
the exploring electrode is moved across the chest different parts of the heart 
become respectively the proximal, intermediate, and distal zones with corres- 
ponding changes in the configuration of the ventricular complex. On moving 
from position 1 to 6 the electrical changes in normal man are as follows : 

(i) No Q wave is present until position 5 or 6 is reached. 

(ii) R increases in amplitude from position 1 to a peak at position 
4 or 5. 

(iii) The apex of R occurs progressively later from position 1 to 6. 
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(iv) The S is usually biggest 
in the right-hand positions 
and declines or disappears in 
position 6. 

(v) The ST segment {i.e. 
from the end of S to the be- 
ginning of T) is approximately 
isoelectric in positions 1 and 6, 
but is displaced above the base 
line in the other positions. 

(vi) T is inverted in posi- 
tion 1, is upright in the other 
positions and is usually maxi- 
mal in position 4. , 

(vii) U appears in some 
leads, usually in positions 2 
and 3. 

The deflections are to be 
interpreted in terms of zonal 
interference of depolarization 
and repolarization as in the 
case of the unipolar limb leads. 

(5) Classical Limb Leads. 
— The changes in the QEST 
deflection that occur in patients 
have been carefully correlated 
with the clinico-pathological 
findings in many disease states 
and are discussed on pp. 254 
et seq. and 283 et seq. The 
empirical interpretation is of 
great value ; a theoretical 
analysis of the curves is diffi- 
cult for the reasons already 
given (p. 244). 

Electrocardiographic 
Chlanges in Myocardial 
Lesions. — Lesions of the 
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Fig. 143. — ^Approximate Distribution of Proximal 
Zones of Unipolar Chest Leads in Human 



ventricular myocardium may Heart and corresponpg Electroc^dio^ams. 
T T , - X (Redrawn from Nahum and Chemon, in 

be produced expenmentally Eton’s Textbook of Physiology, W. B. 
(i) by a local application of a Saunders Co. 1949.) 

0-2M KCl solution which B,A : right auricle. 

, , . RAV : right anterior ventncle. 

depolarizes the suriace mem- i,aV: left anterior ventricle. 

LT-oTiia On outiine of heart areas 1, 2, 3 ; 6, 5, 4 represent proximal 

Drane OI tne anectea musoie zonesof corresponding unipolar chest leads VC-l, -2, -3; 

fibres; (ii) by tying various -6, -5, 4. 

blood vessels to produce • ti 

patches of ischsBmia and consec^^uent death of the affected areas. Chnically, 
localized cardiac ischsomia may result from the occlusion of coronary vessels 
by thrombus or the occurrence of coronary spasm. These myocardial lesions 
give rise to distinctive electrocardiographic patterns. The initial deflections 
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of tlie ventricular complex (representing tlie stage of invasion) may be 
comparatively unaltered, but tbe later phases of the complex are markedly 
changed. In Fig. 145, (a). Lead I, following the peak of R, the downstrokc S 
sets in. Normally, S descends to the base line or below ; in this case, however, 
after a partial descent the record is continued for about 0-2 sec. as an approxi- 
mately horizontal line (indicated by the arrow) which runs well above the 
normal base line. This abnormality is called upward deviation of the ST 
segment. The record finally descends to the base line and is followed in this 
instance by a small inverted T wave. In Lead III, the initial deflections 
E and S are normal ; but, after the end of the downstroke S, the record does 
not rapidly return (as it should) to the base line. There is a partial ascent, 
after which the record continues for 0*2 sec. as a horizontal line (indicated 
by the arrow) well below the base line ; this abnormality is called downward 
deviation of the ST segment The record finally rises to the base line. 

The mode of production of these changes is not fully understood, but the 
following explanation is usually offered. When a region of the heart is 
damaged, the affected area generates an injury potential (Fig. 144) as is 
the case with nerve fibres. As a result, the base line of the electrocardiogram 
during diastole is deflected away from its normal isoelectric position. If 
unipolar leads are employed, the direction of the deflection is downwards 
when the injured area is in the proximal zone of the lead ; the direction of 
the deflection is upwards when the injured area is in the distal zone of the 
lead. The magnitude of the deflection is related to the extent of the injured 
area. During the heart beat following the injury, the stage of invasion 
(“ depolarization ”) is accompanied by approximately normal electrical deflec- 
tions. During the stage of possession, however, the injury potential is sup- 
posed to be temporarily suppressed. After the peak of E or S, the record 
consequently returns to, and stays for a short time at, the pre-injury isoelectric 
level. The way in which this remarkable change is brought about has not 
been clearly explained. During the phase of recovery ('' repolarization ”), 
the injury potential reappears ; the record returns to the initial injury level. 
The so-called deviation of the ST segment which this record displays is thus 
attributed to the transient disappearance of the injury potential. The 
latter part of the ventricular complex may bo further modified for the fol- 
lowing reason : as the injured area does not undergo repolarization the 
pattern of repolarization in the ventricles as a whole is altered with resulting 
changes in the ST segment and the T wave. 

Fig. 144 illustrates diagrammatically the changes produced by damage to 
the ventricular wall. In Fig. 144, Lead I, the injury is presumed to be situated 
in the proximal zone of the recording leads. The normal base line (N) is 
deviated downwards by the injury potential to the abnormal position 1. 
During the stage of possession, the record temporarily returns to the normal 
base line N, producing the so-called upward ST deviation. In Fig. 144, 
Lead III, the injured area is presumed to be situated in the distal zone of the 
recording leads. The normal base line N is deviated upwards by the injury 
potential. During the stage of possession, the record temporarily descends 
to the normal level N, producing the so-called downward ST deviation. 
In Fig. 144, lowest record, similar changes to those shown diagrammatically 
in Lead I, were produced experimentally by applying a KCl solution to the 
surface of the cat’s ventricle, producing a transient local injury. In such 
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an experiment, if the post-injury record alone were available, the bhanges 
could hardly fail to be misinterpreted. The abnormal base line I would be 
regarded as the normal isoelectric level. The transient disappearance of the 
injury potential would be regarded (as it had been in the earlier clinical studies) 
as a deviation of the ST segment. In clinical lesions of the heart, the record 
can hardly ever show the moment of development of the injury. It seems 



N : Normal base line, i.e. true isoelectric level. Time in 0*1 sec. 

I : Shift of base line produced by injury potential set up by damaged area. 

Upper Record : Lead I. Left hand; Control. Right hand: following lesion in proximal zone of recording 
leads. Base line deflected downwards. 

Middle Record : Lead LEI. Left hand : Control. Right hand : following lesion in distal zone of recording 
loads. Base line deflected upwards. 

Lower Record : Left hand : diagram to show that injury causes current flow from normal to injured area. 
- . Right hand ; record showing effect of applying a KCl solution to surface of cat’s ventricle. The 
, base line is deflected downwards (lesion in proximal zone of recording lead). This record (modified) 
is from an experiment by "W. F. Floyd and S. Salama. 


reasonable to suggest that the changes observed clinically in the ST segment 
and T wave shordd be interpreted in the manner indicated above. 

The injury potential which produces the so-called ST deviation, and any 
repolarization changes that may develop, can only be recorded if they occur 
in the proximal or distal zone of the leads employed. Should they occur in 
the neutral intermediate zone, they do not affect the recording electrodes. 
Clinical cardiac lesions generally affect the classical limb leads ; but should 
the lesion be in the neutral zone for these leads it would not be detectable. 
In a minority of cases the characteristic changes are only observed in chest 





254 


CLINICAL ISCHEMIC PATTERNS 


leads or unipolar limb leads. A careful study of many leads also enables the 
position of the lesion to be localized with considerable accnracy on the basis 



Fig. 145. — Diagram illustrating the Changes in the Ventricular Complexes in Leads I and 
III. after Coronary Thrombosis affecting Anterior Surface of Ventricles. (Parkinson 
and Bedford, Heart, 1928, 14.) 

(a) Elevated ST segment in Lead I and depressed ST segment in Lead III ; {b) T waves becoming evident; 
(c) ST displacement disappeared. The T wave finally points in the opposite direction to the original 
ST displacement in each lead. 


of the extensive correlations that have been estabished between the distinctive 



Fig. 146. — Electrocardiogram 
taken Four Days after the 
Development of Coronary 
Thrombosis affecting An- 
terior Surface of Ventricles. 

In Lead I the ST segment (marked by 
arrow) is elevated above the iso- 
electric line ; in Lead HI the ST 
s^ment (marked by arrow) is 
depressed below the Isoelectric 
line. 


features of the records and the post-mortem 
findings. 

Clinical IscHiBMic Patterns. — When the 
left anterior descending coronary artery is 
occluded clinically with resulting ischaemia 
(infarction) of the anterior surface of the 
ventricle, curves like those shown in Pigs. 
142 and 143 are obtained. Soon after the 
development of the lesion there is upward 
deviation of the ST segment in Lead I and 
downward deviation of the ST segment in 
Lead III; the T wave may disappear. As 
healing occurs the injury potential is reduced 
in magnitude and the ST deviation becomes 
correspondingly smaller. Abnormalities of re- 
polarization persist as shown by abnormalities 
of the T wave, e.g. inversion in Lead I (Fig. 
145 (6)). After a week the S wave may return 
to the isoelectric line indicating that the injury 
potential is no longer produced. The T wave 
(i.e. repolarization) abnormalities persist ; in 
Fig. 145 (c) the T wave is inverted in Lead I, 




255 


HIGHT AND LEFT AXIS DEVIATION 

wliile in both. Leads I and III the T wave points in the opposite direction 
to ttie original ST deviation. (In some clinical anterior cardiac infarcts there 
is no ST deviation in Lead I but there is an upward deviation in Lead III.) 

K the posterior descending coronary becomes occluded clinically, the 
changes found are the opposite of those shown in Fig. 145 ; in Lead I the ST 
deviation is directed downwards and in Lead III upwards. 


I 


n 


in 


Fig. 147. — ^Electrocardiogram in Eight and Left Axis Deviation. 

A. night axis deviation (in a woman with mitral stenosis). The T Avave is 

inverted in all leads because of treatment with digitalis. 

B. Normal record. 

C. Left axis deviation (in a woman aged 52 with hypertension ; B.P. 245 mm, 

Hg systolic, 145 mm, diastolic ; enlarged left ventricle. 

Right and Left Axis Deviation. — Clinically one frequently obtains 
curves characterized by a tall R wave in Lead I and a big S wave in Lead III. 
These are called examples of deviation of the main electrical axis of the 
heart to the left, or briefly left axis deviation (Fig. 147, C). Conversely a big 
S in Lead I and a big R in Lead III is called right axis deviation. Such 
axis deviation is noted with mechanical displacement of the heart or with 
the movements of the heart which occur with the phases of respiration. 
Hypertrophy of the left ventricle, such as occurs as a result of chronic arterial 
hypertension or aortic incompetence, is associated with left axis deviation 
(Fig. 147, C). Conversely hypertrophy of the right ventricle, e,g, from 
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emphysema of the lung or mitral stenosis, is associated with right axis 
deviation (Fig. 147, A). The whole QRS complex may be prolonged because 
the greater thickness of the affected ventricle may modify the rate of 
development of the excitation process. 

These changes can be accounted for by reference to the principles set out 
on p. 248. A displacement of the whole heart or a change in the relation of 
left to right ventricle alters the position of the proximal and distal zones of 
certain leads. The deflections in Lead VL when the heart is in the erect 
position are different from those with the heart in the semi-transverse position 
(p. 250). It will also be recalled that : 

Lead I=Lead VL — Lead VR, 
and Lead III=Lead VF — Lead VL. 

Characteristic changes would then be expected to occur in Leads I and III ; 
such is actually the case. 

The electrocardiographic findings in disorders of the cardiac rhythm are 
considered on pp. 282 et seq. 


PRESSURE CHANGES IN THE HEART AND BLOOD VESSELS ^ 

Methods Employed. — In the most accurate work, optical methods are 
employed. In animal experiments a glass tube filled with anticoagulant fluid 
is introduced directly into the chamber of the heart to be examined. The 
external end of the tube is closed by a tense rubber membrane upon which a 
small mirror is fixed. Pressure changes in the cavity produce oscillations of 
the mirror which reflects a beam of light on to a moving photographic plate. 
The pressure changes in the right auricle and the right ventricle have been 
recorded in man by replacing the glass tube by a rubber tube which is intro- 
duced into an antecubital vein and passed along the venous system to enter the 
right auricle, or pushed further into the right ventricle (Cournand’s method, 
cf. pp. 260, 279). Indirect information about the right auricular pressure 
changes in man can be obtained from the jugular venous 'pulse tracing 
(p. 259). 

The volume changes in the heart during the phases of the cardiac cycle 
under varying conditions can be determined by means of a cardiometer : this 
is a glass vessel resembhng a thistle funnel which is placed over the ventricles 
and is fitted round the auriculo-ventricular groove. It is connected with a 
piston recorder which writes on a moving smoked surface. 

Pressure Changes in the Ventricles. — (1) Isometric Contraction Phase.— 
At the onset of ventricular systole^ the.pressures in the auricles and ventricles 
are approximately the same ; the auriculo-ventricular valves are floating into 
apposition. As the ventricular muscle contracts, the ventricular pressure 
rises steeply ; the A.V. valves ^ are shut, and bulge shghtly in a dome-shaped 
manner into the cavity of the auricles, causing a sudden rise of intra-auricular 
pressure. No blood can yet leave the ventricle, because the intraventricular 
pressure is still lower than the intra-aortic ; the tension in the ventricle is 
rising' but no shortenmg of the muscle occurs yet. This isometric contraction 

^ Wiggere, Pressure Pulses in the Cardiovascular System, London, 1928. 

* A.V. — anrionlo-ventricular. 
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phase lasts 0*05 second. Its duration is constant under different circulatory 
conditions and is not affected by alterations in the heart rate (see Fig. 148). 

(2) Maiicimuin Ejection Phase , — When the intraventricular pressure rises 
higher it exceeds the intra-aortic, and the semilunar valves open. Rapid 



Fig. 148. — Diagram of Pressure, Volume, and Electrical Changes in Heart and Blood 
Vessels during the Cardiac Cycle. (Modified from Lewis and Wiggers.) 

Vol.=Volume curve of left ventricle; Jug.=Jugalar venous pulse; Aur.^Intra-auricular pressure; 
Vent. —Intraventricular pressure ; Elect. = Electrocardiogram ; Aorta =Intra«aortic pressure tracing ; 
Car. and Rad. = Carotid and radial pulse; S.O., S.C.= Opening and closing of semilunar valves; 
A.V.O. = Opening of auriculo-ventricular valv^. The duration of the cycle is 0*8 second, corresponding 
to a heart rate of 72 per minute. 


ejection of blood occurs, and the volume curve shows that the ventricle is 
rapidly diminishing in size. As the ventricular muscle shortens, the base of 
the heart descends and pulls down the auriculo-ventricular ring ; the cavity 
of the auricle is therefore, enlarged, causing an abrupt fall of pressure within it. 
The ventricle and aorta now form one_cj3>uiiiUOUS. chamber. The aortic 
pressure thence paMively follows the intraventricular, but at a slightly 
9 
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lower level. In thw phase of maximum ejection the pressures in the ventricle 
and. aorta rise to their snnimit. “ 

(3) Reduc^ Ejection Phase.— T!he systolic discharge now lessens and little 
further change in the volume of the ventricle occurs. All parts of the ventricle 
do not contract for the same length of time ; during the latter part of systole 
some portions of the ventricles cease to contract, and as fewer “ units ” are^ 
functioning the pressure in the ventricles begins to decline slowly. During this 
period inore blood is escaping from the aorta (into the more distal vessels and 
ultimately into the capillaries) than is reaching it from the heart. 

The ejection phase is variable in length, and is chiefly responsible for 
the variations in the duration of systole. It lasts 0‘2~Q’26 second. The 
total duration of systole is best estimated in man by accurately timing the 
interval between the onset of the first and second sound. When the pulse rate 
is over 100 per minute, systole lasts less than 0-25 second ; between 80-100, 
about 0*25 second; 65~§0, about 0*28-0*3 second ; under 65, longer than 
0*3 second. 

(4) Ventricular diastole now sets in, and the intraventricular pressure 

drops very sharply. A backward flow towards the heart occurs in the aorta, 
and is halted by the closure of the semilunar valves. The pressure within 
the ventricle continues to faU steeply as the muscle relaxes, but through- 
ouThlris. period relaxation phase) the ventricle is a closed chamber, 

and there is no alteration in the length.of the muscle fibres. 

(5) The auricular pressure which has been rising throughout the greater 
part of ventricular systole now exceeds the intraventricular. The A.V. valves 
open because of the difference of pressure between the two chambers, and 
rapid inflow of blood into the ventricle occurs. It is very important to note 
that during early diastole a large percentage of the total ventricular filling 
— i.e. ab^t J^%- — stakes place in, this way; a good deal of blood can 
thus enter the ventricles in the absence of any effective auricular contraction as in 
auricular fibrillation (p. 293). As the auricular and ventricular pressures 
become equal, little further inflow into the ventricle occurs. When the 
diastolic pause is a long one, very little additional increase in ventricular 
volume takes place (phase of diastasis). 

(6) Auricular systole now sets in, and the contents of the auricle are driven 
into the ventricle. On an average, auricular systole only contributes 35% of 
the total ventricular output. The exact proportion is dependent on : 

(i) Tirne in diastole at which auricular systole occurs. 

(ii) Vigour of auricular systole, 

(iii) Completeness with which the ventricle is already filled. 

If the auricle contracts after a short diastole it may contribute a consider- 
able amount of blood, up to 60% of the ventricular output. If it contracts at 
the end of a long diastole, the ventricle may already be so fuU that the auricle 
can contribute relatively little. Auricular systole lasts about 0-1 second. 

Pressure Changes in the Auricles. — The pressure changes in the 
auricles may be briefly summarized (Fig. 148, Aur.) : 

(1) The first positive wave is due to auricular systole. All the fibres of the 
auricle do not contract simultaneously — “ fractionate contraction ’’ occurs ; 
the fibres nearest to the S.A. node contract first, and so the intra-auricular 
pressure begins to rise. At the height of the wave most of the auricular 
fibres are in action. Late in auricular systole relaxation has begun in 
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most of the fibres; only a few are still contracting, and so the pressure 
falls. 

(2) The second positive wave is due to the bulging of the A.V. valves 
which occurs at the onset of ventricular systole (p. 256). 

(3) A sudden fall of pressure then occurs. This is due to : 

(i) The negative intrapleural pressure, which pulls on the relaxed auricle 
and enlarges its cavity. 

(ii) The ventricular muscle shortens, pulls down the A.V. ring (p. 257), 
and also helps to enlarge the cavity of the auricle, so that the pressure within 
it falls. 

(4) The pressure rises {third positive wave) as blood accumulates in the 
auricle while it is still shut ofi from the ventricles by the closed A.V. valves. 
This wave continues beyond 
the end of ventricular systole 
to the end of the isometric 
relaxation phase. When the 
ventricular muscle relaxes, the 
A.V. ring moves up again. 

The cavity of the auricle is 
thus made smaller, and this 
helps farther to raise the 
pressure within it. The A.V. 
valves now open, the auricle 
empties itself into the vent- 
ricle, and the pressure falls 
rapidly. 

The behaviour of the auricle 
during the cardiac cycle may 
be compared with that of a 
concertina. During ventricular Fig. 149.— Simultaneous Kormal Venous, Eadial, 
systole its cavity is enlarged and Electrocardiographic Curves. (Lewis.) 

bv the nefiCative pressure in Delay m transmission through air of therabb^tubtog 
^ j displaces the venous and radial records to the right by 

the thorax and the downward approximately O-OS of a second. 

movement of the A.V. ring; 

with the onset of diastole it is compressed by the asoent of the A.V. ring. 

Jugular Pressure Tracing. — ^A good idea of the pressure change in 
the right auricle in man can be obtained by recording the pre^u^ changes 
in the jugular vein. The right vein is employed, because it is in a direct 
line with the superior vena cava and right auncie. A small metal cup is 
placed over the vein and connected with a sensitive Marey^s tambour. By 
means of Mackenzie’s polygraph, simultaneous jugular and radial tracings can 
be obtained (Fig. 149). 

The jugular tracing shows three positive waves, called a, c, o, 
respectively. . 

a Wave, — The a wave is due to auricular systole- As the pressure in the 
auricle rises it becomes more difl&oult for the jugular vein to empty itself, so 
that the pressure within it is increased. As already mentioned, there is a 
sleeve of auricular muscle which surrounds the ope ni n g of the great veins, 
and closes the orifice of the superior vena cava during auricular systole by a 
sphincter-like action. No regurgitation of blood into the great veins occurs 
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during auricular systole* The pressure within them rises because of stasis 
of the blood stream, producing the a wave. 

c Wav,e , — The c wave is due to the onset of ventricular systole causing 
bulging of the A.V. valves into the auricle and raising the pressure there. 
The a-c interval, i,e, the interval between the beginning of the a and c waves 
respectively, is a guide to the conduction time of the bundle of His. More 
exactly it is the interval between the onset of auricular and ventricular 
systole. If the a-c interval exceeds 0*2 second, delayed conductivity of the 
bundle of His is present (Fig. 161, p. 283). 

^ Wave — Like the third positive wave in the auricle, the v wave is due to (i) 
the filling of the auricle while the A.V. valves are shut, and (ii) the upward 
movement of the A.V. ring which occurs at the end of ventricular systole,. 
The summit of the v wave marks approximately the end of ventricular systole. 

The negative waves are labelled x, x\ and y, and are caused in the same 
way as the depressions in the auricular pressure tracings 

The events in the jugular vein naturally occur slightly later than the corre- 
sponding events in the auricle. The onset of the c wave precedes the primary 
wave in the radial artery by OT second ; the top of the v wave precedes the 
dicrotic notch by a similar interval (see Fig. 149). 

The^^ressiire .changes m the jugifi.ar vein are of importance in giving 
information about the human heart that could otherwise only be. obtained 
electrocardipgraphically. the ct .wave is an indication of auricular systole. 
It is absent in auricail'arjfibrillatiou and flutter, when the normal co-ordinated 
aTOCuIar contraction is lost^ An auricular premature contraction is associated 
with an early a wave (Fig. 166) ; a ventricular extrasystole may coincide in 
time with the normal auricular contraction and is therefore not preceded by 
an a wave (Fig. 167). The a-c interval is an index of conductivity in the 
bundle of His. It is prolonged in bimdle lesions [sujpra ) ; it is less than 
normal when the impulse arises in the A.V. node. 

Human Right Ventricular Pressure Curves.^ — These curves resemble 
in their general outlines those obtained experimentally in animals (Fig. 150). 
The pressure during diastole is about atmospheric, e,g, 2 mm. Hg, and it rises 
to 20-25 mm. Hg at the height of systole ; there is some fluctuation in the 
pressure with the phases of respiration. When there is obstruction in the 
pulmonary circuit the resistance to the flow of blood through the lungs is 
increased and as a result the right ventricle must contract more vigorously ; 
right ventricular pressure consequently rises Such changes occur in pulmonary 
fibrosis and in the later stages of congestive heart failure (cf. p. 460). When 
the right ventricle begins to fail it does not empty itself completely during 
systole and consequently ventricular diastolic pressure rises ; in one case 
studied (Fig. 150), right ventricular pressure was about 20 mm. Hg during 
diastole and 80-100 mm. Hg at the height of systole ; when clinical improve- 
ment set in the curves became more normal. 

Aortic Pressure Changes. — (1) The semilunar valves open 0-05 second 
after the onset of ventricular systole. Blood now passes from the ventricle 
into the aorta, and the aortic pressure rises smoothly to a maximum. During 
the latter part of systole the pressure in the aorta falls slightly : the ventricle 
is now in its reduced ejection phase, is contracting less forcibly and is expelling 
relatively httle blood. The inflow into the aorta from the heart is now less 
1 Coumand ei dl., Proc, Soc. exp. Biol. Med.^ 1944, 56^ 34. 
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than the escape from the aorta and arteries into the capillary bed. It is 
possible that through the sino-aortic nerves the peripheral resistance is 
reflexly diminished towards the end of systole, aiding the outflow of blood 
from the arterial system (Fig. 148). 

(2) When ventricular diastole sets in, the pressure in the ventricle drops 
sharply. This causes a backward flow in the aorta together with a similar 
drop in aortic pressure termed the incisura. The fall of aortic pressure is 
halted by the closure of the semilunar valves, which causes a slight rebound 
of the column of blood and is responsible for small after-vibrations. Another 
factor to be considered is that the aorta, which has been stretched during 
systole, now recoils. Some of the blood contained within it is driven back 
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Fig. 150. — Right Ventricxilar Pressure Curves in Man, (Cournand et al. 

Proc. Soc, exp. Biol. Med., 1944. 55, 34.) 

Upper Rewrd : ITormal, One r^piratory cycle is shown. 

Lower R^rd : Case of congestive heart failure; mitral stenosis, aortic incom- 
petence, auricular fibr^tion. Note raised diastolic pressure (associated with 
increased right auricular and peripheral venous pressure). Marked elevation 
of right ventricular systolic pressure. Cardiac output subnormal ; total blood 
volume twice normal; systemic B.P. 210/90. Note respiratory variations 
associated with dyspnoea. Time in 0*2 sec. 

towards the heart and helps to close the valves, while some is driven on 
towards the periphery and helps to set up a second positive wave in the 
arterial system at the beginning of diastole. 

The aortic pressure slowly falls throughout the rest of diastole as the leak 
through the arterioles into the capillaries continues. 

Arterial Pulse. — The blood which is suddenly thrown into the aorta 
during systole is accommodated partly by moving the entire arterial column 
on at greater velocity, and partly by stretching the arterial wall. This 
incvease of pressure and this arterial distension are transmitted from one 
segment of an artery to the next, in the form of a wave — the pulse wave — 
which is independent of the velocity of the blood flow. The rate of the Hood 
flow varies inversely as the total cross-section of the vascular bed in any part : 
it is 0*8-1 *0 metre per second in the aorta and in its larger branches, consider- 
ably less in the arterioles and only about 0*5-1 *0 millimetre per second in 
the capillaries. It increases steadily in the veins the nearer one gets to the 
heart, owing to the decrease in their total cross-section. The velocity of the 




262 


RADIAL PULSE 


pulse wave is considerably more rapid than that of the blood. The average 
pulse wave velocity in metres per second at different ages is : age 6, 5*2 ; 
age 20, 6-2 ; age 40, 7*2 ; age 70, 8-3, with a range of 1 metre above or below 
these figures ; i.e, the velocity increases as age increases.^ 

These results enable us to determine the effect of age on the elasticity 
of arteries. By elasticity of an artery is meant the percentage increase in 
the volume of the artery with each mm. Hg increase in blood pressure. It is 
related to the velocity of the pulse wave thus ; 

1-72 

Blasticity= , — i r 

(velocity of pulse wave) 

From these figures the elasticity at different ages can be calculated : age 6, 
047 ; age 20, 0-33 ; age 40, 0-24 ; age 70, 0-18 ; there is thus a notable 
decrease in elasticity as age advances. This means that with the same cardiac 
output the blood pressure is raised during systole more in older people than in. 
younger as less fluid can be accommodated by distension of the arterial system. 

Radial Pulse. — Two waves are present — ^the primary wave and the 
dicrotic wave (Fig. 149). In the radial artery the upstroke occurs 0-1 second 
later than that in the carotid. The tops of the waves are rounded and their 
amplitude is smaller. The end of systole is approximately indicated by 
a rounded dicrotic dip or notch. The primary wave (or percussion wave) in 
the radial first rises and then falls towards the end of systole (as does the 
corresponding wave in the large arteries). The initial rise (expansion of the 
artery) is due to the fact that blood is pumped by the heart into the blood 
vessels more rapidly than it escapes into the capillaries ; the later fall is due 
to the reduced ejection phase of the ventricle delivering less blood than is 
passing out through the arterioles (which may be reflexly relaxed). When 
the dicrotic notch is thus present on the downstroke, the pulse is called 
catacrotic in character.^ The dicrotic wave which follows the notch represents 
a modification of the vibrations set up by the closure of the aortic valves and 
the rebound of the blood from these curtains. (See also Figs. 161 et seq.) 

The details of the pulse form can only be studied in optically recorded 
tracings {e.g. as in Fig. 149). For most clinical purposes records taken 
with Dudgeon's sphygmograph suffice. 

A large primary wave may be due to (i) large output ; (ii) slow heart 
rate ; (iii) low peripheral resistance. A small primary wave is due to (i) 
smaU output ; (ii) Hgh peripheral resistance from increased arterial tone or 
(iii) impaired elasticity of the vessels. 

It can be shown in a circulatory model that the descending limb of the 
pulse curve falls more steeply if the diastolic pressure is low, the arterial wall 
thick, or if aortic regurgitation is present. Similarly, after injection of nitrites, 
stimulation of the aortic nerve to produce relaxation of the arterioles, and 
in aortic disease in man (p. 298), a rapid downstroke is observed. 

Circulation Time. — By this is meant the time taken for the blood to 
travel from one point in the circulation to another. It is thus a measure of 
the average linear velocity of the blood flow which is directly related to the 

1 Bramwell, Hill, and MacSwiney, Heart, 1923, 10, 233- 

® OqcadoDaJly a break or notch occurs on the ascent, which is termed the anacrotic 
notch. Its significance is not yet clearly understood. It is observed when the aortal » 
compressed, in aortic stenosis and in arteriosclerosis. 
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cardia^c otUjmt. Thus a rise or fall in the cardiac output tends to produce a 
decrease and increase respectively in the circulation time. The time can also 
be affected by local changes in the vascular bed, e.g, in the systemic veins or 
lungs. The principle of the methods employed is to inject some substance 
into a systemic vein (unless otherwise stated an ante-cubital vein is used) and 
to determine the time of its arrival at some point in the systemic arterial 
system or in the lungs. 

The substances commonly used are : 

(1) Decholin (Na salt of dehydrocholic acid). — 5 o.c. of a 2% solution 
are injected rapi^y into an ante-cubital vein. When the drug reaches the 
mouth and pharynx it gives rise to an intensely bitter taste and smell. The 

a^m to tongue,” circulation time is the interval which elapses between the 
beginning of the injection to the first recognition of the bitter taste. The 
taste persists for 15-20 seconds. 

(2) Sodium Cyanide.^ — 0*1 mg. of NaON per kg. body-weight is injected 
intravenously. On reaching the carotid body (and the aortic body) the 
chemoreceptors are stimulated and send up excitatory impulses to the 
respiratory centre. The end point consists of dilatation of the alae nasi 
followed by a deep inspiratory gasp and 6-10 rapid breaths. This gives the 

arm to carotid, bifecati^ ” time. 

(3) Magnesium Sulphate?— % c.c. of a 10% solution of MgS 04 are injected 
intravenously. On reaching the throat there is a sudden start combined with 
an intense feeling of heat in the pharynx ; the heat is progressively felt in 
the face, hands, and finally in the feet. The sensation passes off in 1(^20 
seconds. This method gives the “ arm to hand ” and arm to foot ” time. 

(4) Ether? — 5 Tuinims of ether (in an equal volume of saline) are injected 
intravenously. When the ether reaches the respiratory passages it produces 
a gasp, cough, and a gnmace, and ether can be smelt in the breath. This 
method gives the ‘'‘^rm to lung ” time. 

The normal range of circulation time (under basal conditions) by the 
above methods in man is : 


r PDecholin, 14-19 seconds. Magnesium Sulphate, 6-16 seconds. 

' Sodium Cyanide, 12-33 seconds. Ether, 3-9 seconds. 


Clinical Value op Ciroulation Time Determination.— (1) Metabolic 
Plate , — ^There is a significant correlation between the basal metabolic rate 
(B.M.R.) and the circulation time ; subjects with the have the 

slmrtest circulation time. Thus casesf of h^rthyroidism with^ a raised 
have a circulatipn time (decholin) which is helow normal Umite, e,g, 
9-4-11-8 seconds.’ When the B^M.R. is lowered by ad mi nistering iodine or 
T5y partial thyroidectomy the circulation time rises^. Thus one case of Graves 
disease with a B.M.B. of + 20 had a circulation time of 12*2 seconds ; following 
thyroidectomy the B.M.B* fell to — 28 and the circulation time rose to 
20 seconds. 

(2) Decompensated Heart Disease ^ — ^The„.circulation_.time-is usuaUyi xin-. 
changed ip, compensated heart , disease., It tends to be prolonged as decom- 


^ Stead and Elnjikel, Atmt, J, med. Sci., 1939, 98, 49. Smith wid Allen, Ptoc, SiQ0 
Mayo Clin,, 1941, 18, 53, 

* Bernstein and Simphius, Heart J*, 1939, 17, 218. 

* Baer and Xsard, Anter* d, fned. Set,, 1949, 209^ 209, 
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pensation develops (thougli it may be normal even in advanced cases of 
decompensation). A single determination is of limited value, but repeated 
observations in the same individual may be a useful guide to the course of the 
case. Fig. 151 shows the range of circulation time and the average values in 
different grades of decompensation. A normal ether time argues against the 
presence of right heart failure j if the ether time is normal and (say) the 
decholin time is prolonged, there is probably slowed circulation in the lungs 
(indicative usually of pulmonary congestion). 

(3) State of Perijpheral Vesfiels . — Variations in the circulation in the 
systemic veins due to local conditions may affect the circulation time. 

(i) With the hand (of the arm 



Fig. 151. — ^Ma^esium Sulphate Circulation 
■Time in different grades of Congestive 
Heart Failure. (Bernstein and Sim- 
ians, Amer, Ht. J., 1939, 17, 223.) 

A. Compensated cases ; B. Dyspnoea on exertion ; 
C. dyspnoea and cyanosis ; D. dyspnoea, 
cyanosis, and pulmonary congestion ; E. as 
in D. and congestion of the liver ; E. as in B. 
and oedema or ascites. 

Black column : range of results in each group. 

White bar : mean of observations in each group. 


used for the intravenous injection) 
placed in water at 27® C., the NaCN 
“i arm to carotid ” time was 47 
seconds ; when placed in water at 
40° C. the time was 27 seconds 
The difference is due to slowed 
circulation in the arm veins produced 
by local cold in the former case and 
the quickened circulation produced 
by local heat in the latter case and 
is no guide to the state of the cardiac 
output. 

(ii) The “foot to carotid” time 
is much longer than the “ arm to 
carotid ” time (38*7 seconds against 
20*1 seconds in observations on about 
80 subjects). This difference is a 
measure of the extra time taken by 
the venous blood from the foot to 
return to the heart. The “ foot to 
carotid” time is shortened by: (a) 
elevation of the legs (gravity pro- 
moting the venous return) ; (6) sym- 
pathectomy (arteriolar dilatation 
speeding up the limb blood flow) ; 


(c) a short bout of leg movements 
in the supine position (because of the resulting local vasodilatatipns and 
compression of the veins) ; (d) alterations in skin temperature. Following 
abdominal operations the “ foot to carotid ” time is progressively prolonged 
and may reach a maximum of 50% above the pre-operative leyel after 
5-10 days. (The ‘‘ arm to carotid ” time is little altered.) This considerable 
slowing down of the circulation in the legs occurs about the time when the 
incidence of post-operative thrombosis in the leg veins is maximal (cf. p. 149). 

Movements of the Heart. — The heart is enclosed within the peri- 
cardium, which is fixed above to the great vessels and below to the central 
tendon of the diaphragm. The fibres of the heart are arranged in a complex 
spiral manner. 


(1) During systole, all the diameters of the heart are decreased and the 
position of the organ alters. The base auriciilo-ventricidar ring descend^ 
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the apex of the heart is rotated anteriorly and to the right. It is thus brought 
into closer apposition with the chest wall, and this impact mainly accounts 
for the apex heat, which is the shock felt in the fifth left intercostal space 

inches from the middle line. 

(2) The entire heart moves downwards during inspiration, and the apex 
is rotated clockwise. The shadow of the heart, as seen during X-ray examina- 
tion, lengthens and becomes narrower. 

(3) The position of the heart alters with that of the body. The heart is 

displaced to the left and pressed 

more firmly against the chest wall ^ 

when the subject lies in the left CL i ^ 

lateral position. Anything which A [\ . 

pushes the diaphragm up — e.g. Mil I 

assuming the sitting or the prone / W 1 y ^ l\ 

position, or flatulence, causes the k i ^ I 1 All v 
heart to lie more horizontally. \ ^ 

Heart Sounds.^— The sounds ^ * i Aim \ 

are usually heard clinically with ! MI 1 aI \ 

the aid of a stethoscope; for , ^ i* 

purposes of refined study they i 1 ' ■ 

may be recorded by applying a * , i » i 

microphone to the chest and j » » ' 

connecting it through a suitably l ; \ \ 1 \ 

arranged circuit to an oscillo- J - i >1 \ 

graph. The interpretation of j .t ^ 1 1 j'j ‘ 

these records is^acflitet^d_^ ,^ljl ^ ’ 

aTlunultaneously take n jugula r I ij 

pressure tracmg and electro - Llllh. — jllllj 
carSo^am] The classical first 
and second heart sounds can be 
heard easily and regularly. The 
so-called third and auricular 
sounds are only heard with great 
difficulty; in most normal sub- 152.-Thj Four Normal Heart Somds 

• (Onas and Brauii-Menendez, The Heart 

]ects they cannot be detected by Scnmis, London, 1939.) 

routme auscultatory methods. Records from above downwards ; jugular venous pres- 
They are, however, regular sure tracing ; heart sounds ; time in i second. In 

^^6 hosrt BOund record, 1, 2, 3 represent the first, 
leatures OI sensitive grapnic second, and third sounds and A, the auricular sound. 

records (Fig. 152). 

First Sound. — The first soimd is prolonged and low pitched. It coincides 


e spike of the K wave of the electrocardiogram an 


the onset of the c wave of the venous tracing. Its duration is Q‘1-0-17 


), It is undo ubtedly due to ventricular systole. ; it sets m with the 

non but ends before systo 


ecnamcai lactors are responsiole for the first. sound : (i) contractio n 
of the vftntribbtflT muRcTe ! (iiV sudden closure and tension o f the auric ulo- 


ventricuiar valves vibration of the st 

chest wall produced by t Ee movement of the heart and its impact against 

^ Orias and Braun-Menendez, The Heart Sounds, London, 1939. Rappaport and 
Sprague, Amer, Heart J., 1941, 21, 257, 



Fig. 152. — ^Thc Four N'ormal Heart Sounds. 
(Orias and Braun-Menendez, The Heart 
Sounds, London, 1939.) 

Records from above downwards : jugular venous pres- 
sure tracing ; heart sounds ; time in i second. In 
the heart sound record, 1, 2, 3 represent the first, 
second, and third sounds and A, the auricular sound. 
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the chest* Frequently the first sound consists of two distinct grou ps of 
vibrations corresponding to (a ) t he isometric contraction phase. ang j^]~^ 
ejection phas e. The presence of the latter group suggests that vibrations 
set up by the movement of the blood are also a contributory factor. Most of 
the vibrations have a frequency of 25-45 per seconds The intensity of the 
tot sound is not related to tJie cardiao output but to tbZtension 
during the isometric contraction phase. ^ 

SncQND Sonisrp^ — This is of higher pitch, abrupt and clear, and is best 
heard at the base of the heart. It occurs preois^y at the ons^ of diastole 
and is due to closure .of the semilunar valves, iifft he aorta and »uImonarv 
artery;. "Its intensity varies with tke felooci in^ke greatvesselsat 

tKe’oTwei of diastole. The duration of the second sound is second ; 



Fig. 153. — Simultaneous Electrocardiogram and Heart Sound Curve from a Normal Man. 

The figure shows the time relations of the electrocar(iiogram to the beginnings of the 1st and 2nd heart 
sounds (other heart sounds are not shown). Points on the yertippj line are simultaneous. (Lewis.) 


it is composed of 3 or 4 nrincinal vibrations with a frequency of 50 pp.p seonTid 
it corresponds to the notch which is constantly present on the upstroke of 
the V wave in jugular tracings in optical records (Fig. 152) ; it may precede 
(Fig. 14:8), coincide with (Fig. 153), or follow the end of the T wave. 

fortunate observers claim to hear this sound by 
auscultation in a considerable proportion of normal subjects {e,g, 60%); Its 
d uration is about 0*1 second i it coincides with the last portion of the descend- 
ing limb of the v wave, ie, with the end of the phase of raj u'd fi11iu |Dr nf tb A 
ventricles^w hioh takes place when the araculo^ ventricular valves open 
early in diastole. It is due to this inrush of the blood into the ventricles 
setting up a series of vibrations (Fig. 152). 

Auricttlar (Foxtbth) SouNi),---'This is graphically recorded as a complex 
group of vibrations commencing with the rise of the a wave of the venous 
pulse. It is rarely heard on auscultation in normal people. 

The auricular sound is well record ed graphically in cases of complete 
heart block (Fig. ISfT TUe sound then tollowa r^pnilarlv on each P wave 
(which represents auricular excitation) and shows up clearty when 
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separated by a long interval from tbe sounds resulting from ventricular 
activity.^ 

Cardiac Murmurs, — These are generally produced when the blood flows 

through a narrowed orifice 6 : 0 m one 

wider channel into another. The murmur 
may be : 

(i) Systolic: e,g, when blood (a) leaks 

back during ventricular systole from the 
ventricle into the auricle because of 
incompetence of the auriculo-ventricular 
valves (Fig. 173) ; (b) flows during 

systole from the ventricle through a 
narrowed aortic or pulmonary opening 
into the corresponding artery ; (c) flows 
during systole from the left into the 
right ventricle through a patent inter- 
ventricular septum. 

(ii) Diastolic: e,g, when the blood 
{a) leaks back from the aorta into the 
lefb ventricle during diastole because 
of incompetence of the aortic valves 
(Fig. 174), or (&) leaks passively in cases 

of mtral stenoas &om the ojerfUed left Sounds in Complete 

apuole mto the left ventricle durmg Block. (Orias and Brann- 

diastole of the heart because of the high Menendez, The Heart Sounds, Lon- 
intra-auricular pressure (p. 258). don, 1939.) 

(iii) Presystolic (i e. coinciding with 

auricular systole) : this murmur occurs cardiogram. Note that each P wave is 

characteristicaUjr when the left auricle 

d^ systole is dri^g its contents “ 

through a narrowed mitral orince (mitral heart sounds (i, 2). 

stenosis) into the left ventricle (p. 297). 

(iv) Systolic aind Diastolic: c.g. when the blood flows throughout the 
cardiac cycle from the aorta into the pulmonary artery through a patent 
ductus arteriosus (p. 333). 

1 Beduplicaticm of Heart Sounds.^Hj reduplication of a sound is usually meant 
splitting of its component vibrations into two groups. 

(1) Of first sound.— ia) This may occur physiologically as an esa^eration « ™ 

separation normally existent between the two constituent groups of vibrations ; (6)^ m 
bundle branch block when there is partial dissociation and asynchrony of the contraction 
of the two ventricles (very rarely). , i 

True jreduplication may be due to an audible auricular sound as when the auncle is 
hypertrophied or the P-R interval is unduly prolonged. << . v 

(2) Of second aownd.— Splitting may be due to the asynchronous closure of the aortic 

, and pulmonary valves (e.g. in branch bundle block). , 1 . • • 

T^ue reduplication may be due to a louder third souTid ; if mitral stenosis is 
present it may be caused by a sound produced when the diseased valves ^e open^ 
by the flow of blood into the ventricle in early diastole (“ opening snap of mitral 
valves 1 

The term “ triple heart rhyOim ” [gaUop rhythm) describes the cadence produced when 
three loud sounds reonr in successive cardiac cycles. It may oco^ m “^*“7 young 
subjects with a loud third sound. For its significance in disease see Evans, Brd. Heart J., 
1943, 5, m. 
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REGULATION OF THE HEART RATE ^ 

Nerve Supply of the Heart (cf. pp. 709, 712). 

1 , The Vagus. — The connector fibres arise in the dorsal nucleus of the 
vagus and run in the vagus trunk to end in nerve cells in the sino-auticular 
and auriculo-ventricular nodes. The right vagus chiefly supplies the S.A. 
node, and the left vagus ends mainly in the A.V. node. From the nerve cells 
present in the two nodes, a second relay of fibres arises to supply the auricles, 
the bundle of His, and the base of the ventricles. The apex of the ventricles 
receives no vagal fibres. 

- The vagus exerts a continuous restraining action on the rate of the heart 
{tonic inhibitory action). This is proved by the acceleration which follows 
section of these nerves in most animals^ or “ paralysis ” of the nerve endings 
by atropine in rnan. The degree of vagal activity, or vagal tone (vagal 
restraint) as it is called, is the chief factor controlling the rate of the human 
heart at rest. 

Stimulation of the peripheral end of the cut vagus produces the following 
effects which prove that the nerve can depress every part of the cardiac 
mechanism (Fig. 155). 

(i) S.A. Node. — The rate at which impulses are elaborated here is dimin- 
i.*<hed, and so the whole heart is slowed (right vagus). 

(ii) Auricle. — There is considerable diminution in the force of contraction 
of both auricles. The duration of systole is greatly shortened, and so the 
refractory period is correspondingly diminished. 

(iii) Bundle of Hts.— Conductivity is impaired to a varying extent. First 
the P-R interval of the electrocardiogram is prolonged ; then occasional 
impulses from the auricles fail to be transmitted through the bundle, and a 
2 : 1 or other regular relationship between the auricular and ventricular rates 
is established. Conductivity may be entirely abolished, and auricles and 
ventricles thus become completely dissociated. As already noted , the ventricles 
are so accustomed ” to being driven from the auricles that, should their 
functional connections with those chambers be suddenly destroyed, they 
remain quiescent for a brief period and do not beat at all. In this way the 
vagus may produce temporary ventricular silence. The ventricles as a rule 
soon resume beating at their own slower independent rate ; this idio- 
ventricular rhythm ” is outside nervous control altogether. Block of one or 
other branch of the bundle of His may be produced, with characteristic 
alterations of the electrocardiographic record (p. 285). 

(iv) Ventricle. — There is diminution in the force of contraction of the 
ventricles ; the rate is usually markedly decreased, and the rhythm may be 
disturbed. 

The vagus thus — (a) slows the whole heart ; (/3) produces varying degrees 
of heart block, or arrests the ventricles altogether ; ( 7 ) diminishes the force 
of contraction of the chambers of the heart ; (S) the duration of systole (and 
therefore of the refractory period) is shortened. 

(v) Effect on the Blood Pressure. — ^As the heart is slowed and its force 
lessened, the output of the heart is greatly reduced^ and the blood pressure 
falls rapidly (Fig. 155). Within a few seconds of commencing vagal stimula- 

^ Boas and Goldschmidt, The Heart Bate, Springfield, Bl., 1932. 
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tion the blood pressure may sink almost to zero, and it remains low. The 
blood accumulates on the venous side of the circulation— the right auricle 
and great veins — and the venous pressure rises. The arterial flow into 
the organs is greatly reduced because of the fall in cardiac output, but (for 
a short period of stimulation) the venous outflow from the organs is less 



Time in 5 Sec. 


Fig. 155.— Effects of Peripheral Vagal Stimulation on Arterial Blood Pressure, 
Jugular and Portal Venous Pressures. 

Experiment on jCat. Arterial B.P. in mm. Hg ; jugular and portal venous pressure in cm. H 2 O. 

(Excursions on venous tracings are due to respiration.) _ . . . 

Note great fall of arterial blood pressure and marked slowing of heart ; rise of jugular venoti;» 

nressure : fall of portal venous pressure. ^ 

After 10 seconds of stimulation the arterial pressure and heart rate begin to rise {vagm escape), 
(Erom an experiment by Dr. I. Calma.) 


affected ; tte volume of tte organs is therefore diminished. [If the heart is 
depressed for a long period, venous engorgement will work back to the 
periphery, causing swelling of the organs ; this accounts for^ the enlarged 
congested viscera of chronic so-called congestive heart failure as seen 
clinically.] On ceasing to stimulate the vagus nerve, the blood pressure 
mounts rapidly and may exceed the initial pressure ^ before finally returning 
to normal, 

^ The after-rise is due partly to asphyxial stimulation of the vasomotor centre increasing 
arteriolar tone, and the resumption of vigorous activity by the distended heart. 
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(vi) “ Yagus Escape” — Sometimes, although vagal stimulation is con- 
tinued, the heart begins to quicken, and the blood pressure rises. Several 
factors are possibly at work : 

(а) The onset of vagus escape is often associated with high pressure in the 
grmt veins entering the right auricle (Fig. 155). This stimulates afferent 
fibres which pass up the (intact) vagus to the cardiac centre reflexly to 
accelerate the heart (auricular reflex, p. 272). This reflex competes with the 
effects of the artificial stimulation of the other (out) vagus and may overconae 
it, causing the heart to increase in rate.^ 

(б) The lowered arterial blood pressure tends to accelerate the heart 
reflexly via the sino-aortic nerves (p. 272). 

(c) In some cases complete heart block is produced, and the ventricles 
assume their independent rate, which is in no way affected by the vagus 
nerve. 

Atropine annuls the effects of peripheral vagal stimulation on the heart 
(cf. p. 720). 

2. The Sympathetic. — Anatomical details are given on p. 709. The 
sympathetic exerts an unimportant tonic accelerator action on the human 
heart. Bilateral excision of the stellate ganglia in man (which cuts off most 
of the sympathetic supply of the heart) has little effect on its rate at rest. 
Stimulation of the sympathetic nerves increases the rate and force of contrac- 
tion, i.e. it accelelerates and augments the heart beat ; it also enhances the 
excitability and irritability of the myocardium and may give rise to ectopic 
beats {extrasystoles) (cf. p. 286). 

Regulation of the Heart Rate.^ — There is believed to be a cardiac 
centre in the floor of the fourth ventricle in the region of the vagus nucleus. 
It is described as consisting of two (somewhat hypothetical) portions : 

(1) Cardio-inhibitory centre, which presumably is part of, or closely 
related to, the dorsal nucleus of the vagus. 

(2) Cardio-accelerator centre, in the same region, which has connections 
with the thoracic cord and so controls the sympathetic supply of the heart. 

The rate of the heart is controlled mainly by varying the degree of vagus tone 
(i.e. vagal inhibitory activity). Unless a specific statement is made to the 
contrary, all the reflex and chemical adjustments of heart rate to be described 
are due principally to changes in vagus tone cmd only to a minor degree to 
modifications of sympathetic activity. If the vagus in man is completely 
“ blocked by atropine, the heart may accelerate to about 150 per minute. 
The further quickening which takes place in violent exercise — to about 
180 per minute — ^is probably due to additional active stimulation by the 
sympathetic. 

Vagus tone is minimal in infants in whom the heart rate may range round 
120. Vagus tone increases with advancing age. In the adult the average 
heart rate is around 70 per minute, but it may be as low as 40 or 50 or reach 
80 or 90. 

As explained on p. 744, vagal tone is reflexly produced by afferent impulses 
in the sino-aortic nerves. Bilateral section of these nerves completely 

1 McDowall, J, PhysioLt 1926, 61, 131. 

* It is very difficult (and undesirable) to consider the control of the heart rate without 
at the same time discussing the regulation of the blood pressure. It is advisable to read 
pp. 309 ei seq. in conjunction with this section. 
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abolishes vagal tone and pfodnoee the sanie degree of cardiac acceleration 
as bilateral vagotomy. 

The rate of the heairt is affected by — 


1. Impulses from the higher centres. 

2. Kespiration. 

3. Eeflexes (1) from the aortic arch and carotid sinus and the carotid 

and aortic bodies. 

(2) from the great veins (“ auricular ” reflex). 

(3) from other parts. 

4. Oj and CO£ content of wood. 

5. Body temperature, 

6. Intracranial pressui^i 

7. Adrenaline, thyroxine and Vasopressin (pitressin). 

8. Muscular exercise. 


1. Higher Centres.— Emotion may readily affect the pulse rate : in 
states of excitement, the heatt usually tjuiokens ; sudden shocks may slow or 
even arfest the heart. The common form of fainting attack provoked by 
emotion or long standing fe partly due to vagal overaction ; nervous 
wom^, convalescents, and patienti with aortic incompetence are particularly 
liable to be affected. The attack is Udieted in by unsteadiness, giddiness, 
and dimness of vision ; the heart’s action gradually becomes slower, and the 
pulse rate may fall to 50 or 40. At the height of the attack, pallor and sweat- 
ing may be prominent symptoms. The systolic blood pressure may sink to 
50 mm. Hg, owing to indej)eniBnt depfe^sion of the vasormtor centre ; the entire 
syndrome is sometimes called a ^(^o-nagal attack.^ 

The influence of the cof^ and hy^othcdamm on heart rate is 

referred to on pp. 671, 716. 

2. Respiration.— In most adults, during quiet breathing, the heart rate 
does not alter. During voluntary deep breathing, all normal people show 
quickening of the heart with inspimtion, and slowing with expiration. This 
respiratory variation occurs in many healthy children with quiet breathing. 
The respiratory variation in the heart rate is referred to as sintis arrhythmia. 
It has no pathological import whatever.^ 

Sinus arrhythmia is due to alterations in vagus tone which take place 
with each phase Of the breatlnng ; it is abolished by atropine or vagal section. 
It has been attributed (i) to afferent impulses from the lungs, (ii) to variations 
in pressure on the venous side of the heaH, or (iii) to some central influence. 
If the isolated head, connected with the tinmk by means of the vagi only, is 
artificially perfused, it is found tiiat the arrhythmia of the heart does not 
follow the rate of the artificial respiration which is applied to the trunk, but 
corresponds to the dis<fiiarge rate of the respiratory centre as determined by 
recording the movements of tilie aim nasi (Fig. 156 ) ; this correlation becomes 
even more evident when the respiratory movements in the head are stimulated. 
The arrhythmia persists after denervation of the lungs and is independent 


^ Profonnd slowing of the heart ocetiJS in assodation with the faint produced by a 

^eriodid ViaiaiaonB in the rate of the heart may wcw 
independently of rerohhl^on aUfi Without apparent Season, ^ey inay ht m 

odUTalesoeUoe fieiii acute feVeii ItiUd the adininiiteation of digitalii. {LewUi.} 
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of the fluctuations in the pressure of the blood which is perfused through the 
brain. Heymans concludes from these observations that the arrhythmia is 

to an important degree due to direct irradiation 
of impulses from the respiratory to the cardiac 
centre, 

3. (1) Sinus and Aortic Nerves. — Experi- 
ments fully described on pp. 738 et seq,, prove 
that the sinus and aortic nerves stabilize the 
heart rate in the normal resting individual, 
are responsible for resting vagal tone and 
reflexly modify heart rate in response to 
sudden changes in arterial blood pressure. 
The principal points are the following : 

(i) Stimulation of the central end of the 
aortic or sinus nerves usually reflexly slows 
the heart. 

(ii) Section of these nerves accelerates the 
heart to the same degree as injection of 
atropine or bilateral vagal section, i.e. vagal 
tone is completely abolished and cardiac 
irregularities are set up (p. 744). 

(iii) In perfusion experiments a rise of 
pressure in the carotid sinus reflexly slows 
the heart, while a fall of pressure reflexly 
quickens the heart. 

The carotid sinus endings respond most 
actively to changes in blood pressure when 
the initial pressure is about the normal fox 
the species. This is well shown in Fig. 157. 
A fall of pressure from 125 mm. to 100 mm., 
or a rise from 125 mm. to 150 mm. produces 
far greater reflex quickening or slowing respec- 
tively than do changes of equal magnitude 
farther up or down the blood pressure scale ; 
the aortic nerve endings act similarly. 

These observations account for the inverse 
relationship commonly noted in the resting 
animal between blood pressure and heart rate 
(Marey’s law) ; i,e, when the blood pressure 
rises, the heart rate falls, and vice versa. It 
should be noted, however, that in exercise^ 


LUNGS DENERVATED 
^ DONORS RP. 

Fig. 156. — ^Analysis of Sinus 
Arrhythmia. 

Record of respiration taken from 
alse nasi. The head has been 
isolated from the trunk by divi- 
sion of the neck, the vagi alone 
being left intact. The head is kept 
alive by perfusion from a donor. 

A = Blood pressure of donor. 

B== Record of heart rate of isolated 
trunk ; this is kept alive by means 
of artificial respiration. Note the 
marked sinus arrhythmia. The 
black patches in the record are 
regions where the rate is too rapid 
for the individual beats to appear. 
The arrhythmia is obviously re- 
lated to^the rhythm of respiration 


in the head. The fast "periods 
correspond to inspiration and the 
slow to expiration. 

Time in 3 seconds. (Heymans, Ergeb. 
Physiol.) 


m 

emotion, anoxia, COg excess, and other con- 


ditions, hypertension may he associated with a 
rapid heart rate. 

The rapid resting heart rate in children is 
perhaps related to their lower arterial blood pressure level. 

(2) Afferents from Great Veins. — Nerve fibres arise from the venous 
side of the heart (chiefly from the root of the great veins) (p. 735) and pass in 
the vagus trunk to the cardiac centre. These nerve endings are stimulated 
when the venous pressure rises. As a result vagus tone is reflexly depressed 
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and tlie heart rate rises ; the sympathetic accelerator fibres are also reflexly 
stimulated to a minor extent. This reflex is called the auricular or Bainhridge 
reflex (strictly speaking is should be called the venous reflex). It can be 
demonstrated by injecting a large volume of saline rapidly into the central 
end of the jugular vein ; if the vagi are intact the heart accelerates. In 
muscular exercise the venous return is greatly increased ; the resulting rise of 
venous pressure plays an important part in bringing about cardiac acceleration 
during muscular exercise, thus helping the heart to get rid of all the blood 
reaching it. 

In heartfailure^ engorgement of the right auricle often occurs, associated 
with a general rise of venous pressure (p. 319). The venous reflex is set up, 
and accounts in part for the rapid pulse rate found in this condition. The 
cardiac acceleration which occurs in the early stages of hcemorrhage in spite 
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Fig. 157. — Carotid Sinus Pressure and Heart Rate. 

The curve shows the effects on heart rate of increasing the pressure in the isolated carotid sinus. At 
the pressure Is raised the heart rate is deCTeased. Normal carotid sinus pressure produces a hears 
rate of normal frequency. (Koch, Kreislaufforseh.y 1930.) 


of low venous pressure, is reflexly produced by anoxia (st i mulating the 
chemoreceptors) and the fall of arterial blood pressure (stimulating the 

pressure receptors). . . 

A rise of central venous pressure also reflexly accelerates respiration; 
this may be a factor in the production of cardiac dyspnoea (p. 461). 

(3) Other Aefbrents. — Stimulation of sensory nerves may produce 
varying effects. Stimulation of the central end of the fifth nerve or of the 
splanchnic nerve causes slowing of the heart. A blow on the abdomen or 
irritation of the mucous membrane of the nose produces similar results. 
Most painful stimuli quicken the heart. 

4. Changes in Blood Oxygen and CO 2 .— (i) Lack of o^gen-^noxia 
— accelerates the heart (Fig. 182 ) ; this is another factor in the production 
of the rapid pulse of heart failure. The degree of acceleration is related to 
the severity of the anoxia. When an inert gas like nitrogen is inhaled to 
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produce aclite and severe anoxia the pulse may increase in 1-2 minutes td 
140 per iiuiiute. An increased pulse rate is likewise found in ansetniu state^j 
carbon monoxide poisoning, during the early stages of haemorrhage (p. 83) 
and at high altitudes. 

Anoxia first causes an apparent increase in the force of the heart beat, 
but the vigour later dies down, though the heart remains accelerated till 
just before the end (cf. Fig. 243). 

(ii) Extess of OOjj when of moderate extent also quickens the heart ; this 
can be readily seen in man when 5% COg is breathed for several 
minutes to produce CO 2 accumulation in the alveoli and the arterial blood 
(Fig. 181)4 In very large amounts, COjj poisons the bundle of His, produces 
heart block and a slow ventricular rate ; this is seen in the ternoinal phase 
of asphyxia; 

The cardiac acceleration produced by anoxia and COg excess is due partly 
to a direct action on the cardiac centre and partly to reflex stimulation via 
the chemoreceptors in the carotid and aortic bodies (p. 745). 

5. TBMl^iSitATUBB; — A rise of body temperature acts (i) directly on the 
eino-auricular node and quickens the rate of impulse formation (p. 236); 
(ii) the cardio-accelerator centre is also stimulated (cf, pp. 475 477.) 

6 . Arise of intracranial pressure, if very large, such as occurs late in cases 
of cerebral tumour, directly stimulates the vagus centre and slows the heart. 

7. (i) Adrbnalinb. — See p. 725. 

(ii) Thyboxiot accelerates the heart in part by a direct action on idhe pace- 
maker. ihe heart is markedly quickened in hyperthyroidism (p. 990) and 
is slower than normal in myxoedema (p. 983). 

(iii) Vasopbbssin (Pitressin). — See p* 46. 

8 . Muscular Exbrcise. — The cardiac acceleration of exercise is due, as 
stated, mainly to the venous (*'* auricular ’’) reflex. Accessory factors are 
impulses from the higher centres, the rise of CO 2 tension and temperature 
(and possibly aiiOxia aiid adrenaline secretion (cf. p. 433 ))* 


THE OUTPUT OF THE HEART ^ 

The terms “ mmute. output ” or “ circulation rate ’’ mean output per 
ventricle per minut ; the term “ stroke volume ’’ means output per'ventricle 
per beat. 

Control of C^diac Output,— ^The output of both ventrielee Under 
normal conditions is exactly the same. The volume of blood purOped out by 
the left ventricle depends oU the amount it receives from the right side of the 
heart via the pulmonary circulation. The output of the heart depends on 
(i) the venous return ; (ii) the/orCe and (iii) frequency of the beat. It iS also 
intimately related to (iv) &Z 00 S pressure. 

1 . Venous Return.— This depends chiefly on the following factors : 

^ (i) The contractions of the skeletal mu;scles squeeze the veins com 
tamed within them and drive the blood on towards the heart. The 
veins possess valves which prevent regurgitation of the blood m the 
intervsds bet\Veen the muscular contractions (the veins are also actively 
contractile) (cf. vii, infra.) 

* Crbllhian, Cardiot Output of Man %n Health and Disease, Springfield, HI., 1932. 
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(ii) With each inspiration there is an increased negative pressure in the 
pleural cavity which aspirates blood towards the heart (cf. p. 368). The 
diaphragm descends, raises the intra-abdominal pressure, and so squeezes 
blood out of the abdommal veins. 

(iii) There is a slight positive pressure in the capillaries and a somewhat 
lower pressure in the veins which can propel blood on towards the heart. 
K the general arterial pressure does not fall, relaxation of the arterioles 
supplying any region raises the capillary pressure locally, and so aids the 
venous return {e,g, from the 
active muscles in muscular 
exercise). 

(iv) Gravity assists the 
venous return from parts 
above heart level, but greatly 
hinders the return from the 
dependent regions, 

(v) Changes in hlooi 
volume : the venous return is 
diminished by a decrease in 
blood volume as after hsemor- 
rhage (Fig. 46 and p. 82) ; it 
is correspondingly increased 
after intravenous injection of 
saline (p. 59). 

(vi) Capillary tone: nor- 
maUy many of the capillaries 
in any organ are qtdte narrow 
and some may be closed. If 
all the capiQaries over a con- 
siderable area become patent 
and widely dilated, they can 
accommodate a large propor- 
tion of the blood volume, and 
less is available Xjo return to 
the Veins. The vefioSs return 
is greatly reduced for this 
reason in histamine poisoning 
(p. 337). 

(vii) The veins themselves 
are controlled by the vasomotor centre (p. 318) and by chemical influences 
in very much the same way as the arterioles. Any factor which constricts 
the veins and so decreases their capacity helps to increase the return of 
blood to the heart. 

Other things being equal, an increase in venous return increases the cardiac 
output per minute and a decrease in venous return correspondingly decreases 
the cardiac output (Figs. 168, 169 and 46). 

2. Force of the Heart.*— This depends on : 

(i) The Imtid Length of the Musde Fibres.— Withm limits, the greater 
the initial length of the heart muscle fibres at the beginning of systole, the 
more forcible is the contractioii (“ law of the heart ” (Starlmg)). This 



Venesection in Man. 


Jfonnal subicct in supine p<»ition. 

EA.P. “right auriculaf pressure (in cm. saline anterior to 
posterior surface of thorax) recorded by catheter in right 
auricle connected to manometer. 

C.O. “Cardiac output (in litres per minute) recorded by 
direct Pick method. 

1*^0166 on curves =heart rate per minute. 

In Pig. 168, withdraw 840 c.c. of blood in 25 minutes. 

In Fig. 15$, apply cutTs to both thighs and inflate to diastolic 
blood pressure (70 mm. Hg) to trap approximately 700 
c.c. of blood in legs. 

Kote similarity of rmlts in both experiments. (McMchael 
and Sharpey-Schafer, BrU. Beart J,, 1944, d, 33.) 


“Physiolo^cal Vene- 
section ” in Man. 
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can be well shown experimentally in the denervated heart-lung preparation, 
in which the heart rate is constant.^ It is found that if the venous return 
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Fig. 160. — ^Effect of Increasing Venous Pressure and Venous Inflow on Ventricular Outpu 
per Beat in Heart-Lung Preparation. (Starling et al., J, Physiol., 1914, 45.) 

Becords from above downwards : 

Venous pressure in mm. H 2 O. 

Cardiac output per beat recorded with ventricles in cardiometer. The. scale on the left 
shows tbje output per beat (per ventricle) in c.c. ; the values on the record give the output 
(per ventricle) in c.c. per minute. Upstroke =systole=d€crease in ventricular volume; 
downstroke= diastole = incase in ventricular volume. As the cardiac nerves were cut no 
change in heart rate occurs. 

BP : arterial blood pressure. 

Time in seconds. 

At A (first vertical) the venous pressure was increased from 95 to 14i5 mm. H 2 O and the venous 
infiow was correspondingly increased. The ventricles undergo progressive dilatation, i.e, 
they fail initially to discharge as much blood as they receive. The increased stretch of the 
muscle fibres during diastole leads to increased force of contraction ; when compensation 
is fully established the cardiac output is increased from 516 to 840 c.c. per minute. Note, 
however, that the volume at the end of systole remains increased, i.e. the ventricles are not 
now emptying during systole as completely as during the control period. 

[It is probable that under more normal experimental conditions, although the ventricles would 
dilate during diastole as shown in this experiment, they would empty more completely during 
systole.] 

At B (second vertical) the venous return was lowered to 55 mm. H 2 O. The diastolic volume of 
the heart markedly decreased and the cardiac output fell to 198 c.c. per minute. The arterial 
blood pressure changed very little. 


is artificially increased with resulting distension of the heart, the force of the 
beat is corresjpondingly enhanced, and the larger inflow is successfully dealt with 

1 This preparation is useful for studying the output of the heart experimentally under 
conditions where some of the factors can be modified at will. The thorax of an animal 
is opened and artificial respiration is carried out. The aortic arch is tied beyond the 
origin of the innominate artery. By means of a cannula the blood is led from the in- 
nominate artery to an artificial peripheral resistance which consists of a thin rubber tube 
enclosed in a glass tube, in which the pressure can be raised to any desired extent. The 
blood is warmed and returned to the right auricle and sent by the right ventricle through 
the lungs and thus back to the IdFfc heart. Variations of pulse rate are prevented by 
section of the vagi. The output of the heart can be measured directly by collecting the 
blood for a given time after it has passed through the peripheral resistance. 
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by a larger cardiac output without change in heart rate (see Fig. 160 and 
legend). 

In accordance with this principle, it is found that when the ventricle is 
underfilled, e.g, after haemorrhage, or in obstruction of the mitral orifice, the 
force of the beat is reduced ; when the venous inflow is large and diastolic 
filling is great, as in muscular exercise, powerful beats are obtained. But 
should the fibres be overstretched because of excessive filling, a more feeble 
contraction is obtained, the output per beat is diminished and the heart does 
not empty itself effectively. This may occur in certain stages of clinical 
cardiac failure and is then associated with engorgement of the venous side 
of the heart. In such cases, venesection, by lowering the venous pressure and 
reducing the abnormal degree of stretch of the muscle fibres, may greatly 
improve the efficiency of the individual beats and consequently of the state 
of the circulation. 

Chronic excessive stretching of a mild grade may serve as a growth 
stimulus to heart muscle fibres. This is well seen in certain instances of 
valvular incompetence. Thus, in mitral or aortic regurgitation, there is 
excessive accumulation of blood behind the leak, ^.e. in the left auricle and 
left ventricle respectively. The fibres respond to stretch by more powerful 
contraction, and in the course of time overgrowth (hypertrophy) of the chamber 
develops (p. 297). 

(ii) Diastolic Pause. — If the diastolic pause is too short, the heart has 
inadequate time to recover from the effects of the previous contraction, and 
the force is diminished. In addition, with a constant rate of venous return, 
a shorter diastole may mean lessened venous filling and consequently feebler 
beats (cf. infra)^ 

(iii) Nutrition and Oxygen Supply of the Heart. — Obviously these must 
be adequately maintained ; the subject is discussed on pp. 236 et seg. 

3. Frequency of the Heart. — The rate of the heart influences the 
cardiac output, both directly and by affecting the force and the venous filling. 
In the resting person, with constant venous return^ the normal range is 
satisfactory, because it provides ample diastolic tune for venous filling 
and for recovery of the heart muscle, aad-the beats are frequent enough for 
effective transfer of the blood from the venous to the arterial side. Marked 
alterations in the frequency (with unaltered venous return) serve no usefol pur- 
pose, and may be definitely harmful. This is well seen in cases of paroxysmal 
tachycardia and heart blocks In the former condition the heart may accelerate 
to 150 or 200 per minute. Diastole is too brief to allow proper filling^ of 
the heart to take place, and each beat is very small ; in spite of the high 
frequency of the heart, the output per minute may be reduced to less than 
half the normal (cf. p. 290). In heart block, on the contrary, the ventricular 
rate is very slow. There is ample time for venous filling, and for recovery 
processes to occur. But the beats may be too mfrequent to empty the venous 
side, and consequently, though each beat is large, the output per minute is 
reduced (p. 284). 

If the venous return is increased, the heart can cope with it, within limits, 
by increasing the size of each beat. But this adjustment will only provide for a 
two or threefold increase in output in man, corresponding to an mcrease in the 
stroke from say 60 to 180 c.c. per beat. When the venous inflow is still greater, 
as in severe muscular exercise, acceleration is essential if the heart is to dispose 
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venous blood, which is only found in the right heart and the pulmonary 
artery. 

The modified^ methods which may be used in man are described below. 

(1) Direct Pick Method in Man using Oxygen.^ — (i) The oo^gen con- 
sumption is determined in the usual way (p. 372). 

(ii) Arterial Blood, — As it is undesirable to puncture the radial artery 
the Og content of the arterial blood is calculated from a hsemoglobin determina- 
tion (p. 175), assuming that the blood has the normal average degree of Og 
saturation {i-e, it is 95% saturated).^ 

(iii) Mixed Venous Blood. — To obtain a sample of mixed venous blood, 
a long, fine rubber tube is introduced with suitable precautions into the right 
antecubital vein and is directed up along the veins until it enters the right 
auricle (Cournand’s method). The patient’s interest and safety should always 
be conscientiously considered before this procedure is embarked upon. The 
oxygen content of the blood so collected is determined directly and the 
carefiao output calculated.^ The technique involves an inevitable degree of 
emotional strain on the part of the subject and so gives readings ‘‘ at rest ” 
which are higher than the true basal values. On the other hand it provides 
reliable information about changes in the cardiac output which take place 
under different experimental and clinical conditions. 

(2) Indirect Pick Principle (using Oxygen) applied to Muscular 

Exercise (Hill). — The Fick method in a modified form can give iuforma- 
tion about the cardiac output even in violent exercise^ The arterial 
oxygen content and the 0^ consumption are determined as in (1) supra ; in 
severe exercise the latter may reach 4 litres per minute or more^ The O 2 
content of the mixed venous blood is approximately assessed from the following 
considerations and not directly determined. During bicycle work, when the 
O 2 consumption is about 2 litres per roinute, the O 2 content of the mixed 
venous blood may be reduced by to about 7 c.c.%; In more strenuous 

work it is justifiable to presume that the blood is even more extensively 
reduced, i,e. the mixed venous O 2 content is perhaps 4 o.c.%. We know that 
the blood leaving the muscles is almost completely reduced, but that from the 
skin, brain, and viscera still contains fair amounts of oxygen. The usual 


calculation is employed : 

Cardiac output = 


O 2 consumption (c.c.). 

Arterial-venous Og difference (c.c.%) 


xlOO 


4000x100 

19-4 


=27 Htres- 


This value is undoubtedly reliable as far as order of magmtude of the 
cardiac output is concerned. 


^ Coumand et al,, Proc. Soc, exp, Biol, Med., 1941, 46, 42 ; Surgery, 1943, 13, 964 ; 
J. din, Investig,, 1942, 21, 287 ; 1945, 24, 106 ; MclMichael and Sbar^y-Schafer, Brit, 
Beevrt J ., 1944, 6, 33. , ■« . . . . , -i « ^ 

* Exatnple . — ^Haemoglobin content— 15 g— % • 1 g. of hsBmoglobin nmtes witn 1'34 c.c. 
of 0, when folly saturated; .-. if the blood is 95% saturated, the oxygen content is: 

96 

15xl-34xj^=10o-o-% 

• Even in the right amide the Hood from the inferior and superior vena oava may he 
partially streamlined so that a true mixed venous sample is not always obtained. 
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The minimal cardiac output that would enable the 0^ consumed to be 
absorbed in the lungs can be calculated by assuming the mixed venous Og 
content to be zero. In the above example the cardiac output would 

4000 y 100 

^ —21 litres. As the mixed venous Og content is undoubtedly 

more than zero, the cardiac output in this form of exercise must exceed 
21 litres per minute. 

If the O 2 consumption is 5 litres, the cardiac output may be calculated 
to be about 35 litres. If the pulse rate is 180 per minute, the stroke volume 
is 150-^200 cc.^ 

Factors Influencing Cardiac Output in Man.— (1) Resting Output.— 
With the direct Fick method (using oxygen) the cardiac output in adults 
is 5-6 litres per minute ; as these conditions are not basal owing to the 
presence of emotional tension, the true resting cardiac output may be about 
4-5 litres. The output per beat is about 60 or 70 c.c. There is a fair relation- 
ship between cardiac output and body weight and a closer relationship 
between output and surface area (p. 378). Little is known about the output 
in children or in old age. Emotional states produce varying degrees of elevation 
of cardiac output. 

In passing passively from the horizontal to the erect position the cardiac 
output diminishes by about 1 litre per minute. Under these experimental con- 
ditions the leg muscles are slack and are not pumping the blood back to the 
heart ; as gravity hampers the venous return the cardiac output falls. 
Under conditions of normal standing the erect position is accompanied by 
some degree of limb-muscle activity which adequately compensates for the 
deleterious effects of gravity. 

(2) Distribution of Cardiac Output. — Partial data (given in c,c. p&r 
minute) are now available for man about the distribution of the cardiac output 
to the various organs at rest and during activity. The outstanding finding 
is that the two kidneys receive about 1300 c.c. of the total resting output of 
5000 c.c. (p. 36), The blood flow to the brain is estimated at about 750 c.c. 
(p. 306). The blood flow to resting Mmh skeletal muscle varies between 1 and 
4 c.c. per 100 c.c. of muscle (p. 308). The muscles form 40% of the body 
weight and in a 70-kg. man their total weight is 28 kg. If limb blood flow 
conditions are representative of the musculature as a whole the total resting 
muscle blood flow is 300-1100 c.c. At a guess, the coronary artery flow is 
100 c.c. The kidneys, brain, skeletal muscles, and heart thus account for 
2500-3000 c.c. The other half of the resting cardiac output passes to the 
skin, abdominal viscera (excluding the kidneys), and bones. 

(i) The blood supply to the skin is mainly adjusted to meet the needs of 
temperature regulation. The degree of possible change of blood vessel calibre 
varies with the skin region examined and is greatest in the hands' (especially 
the fingers), the feet, and probably the face. The flow {per 100 c.c. volume) in 
the two terminal finger phalanges may vary from 0*2 c.c. under conditions 
of extreme vasoconstriction to 120 c.c. in full vasodilatation ; in the fingers as 
a whole the maximum flow is 60 c.c. (5% of the fimger is skin) (Fig. 198). 

(ii) The blood flow through muscle varies with its metabolic activity. In 
vigorous activity the forearm flow (per 100 c.c.) may rise to 30 c.c. (Fig. 262). 
If such a level of muscle blood flow became general the total muscle flow 

1 For ballistocardiographic method, see Starr, Harvey Lect,, 1947, 42, 194. 
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would amount to about 14,000 c.o. Such an order of flow necessitates, of 
course, a great increase in the total cardiac output. 

(iii) The coronary flow during violent activity rises to 800 c.c. (p. 238). 

(iv) The brain blood flow is probably unaffected by the level of mental 

activity. . 

(v) The flow in the abdominal viscera increases considerably during 
secretion of the digestive juices (Fig. 519). 

(3) Relation of Output to Metabolism. — (i) The metabolic activities of 
the body are limited by the oxygen supplies. Each litre of Og employed in the 
combustion pf foodstuffs makes available 4*8 kg.-calories (on an average). 
The output of the heart, and consequently the oxygen supplied to the tissues, 
are related (as might be expected) fairly closely to the m^aholic rate. Bodily 
activity means more vigorously contracting muscles, more powerful respir- 
atory movements, relaxed arterioles in muscles, and raised capillary pressure. 
The heart deals with the incifeased venous return in mild exercise either 
(a) by increasing the rate or (6) by increasing the stroke volume, or (c) both 
methods may be employed. In addition, the increased demands of the 
tissues for oxygen are met by abstracting more O^from the blood reaching the 
tissues, Le, the coefficient of utilization (arterial-venous oxygen difference) 
is raised, and the venous blood leaves more extensively reduced (cf. p. 413) ^ 

(ii) In strenuous eocertion, such as severe running, the minute, output may 
reach 30-40 litres ; the pulse rate rises to 150-180 per minute, and the stroke 
volume may be as large as 170-220 c.o. The mixed venous blood is extensively 
reduced, e,g, the oxygen content may fall to about 4 c.c., and the arterial- 
venous oxygen difference may be, e.g. 19 — 4 o.c.=15 c.c.%. If the blood 
volume is taken to be 5 Litres, it is obvious that, at rest, an amount little less 
than the blood volume is discharged each minute from each ventricle. In 
strenuous exertion however up to six to eight times the blood volume (about 
8 gallons) may pass through each ventricle per minute. This last figure 
probably represents the maximum possible effort of the heart (cf. p. 433). 

(iii) As indicated on pp. 990 and 983, owing to the changes in metabolism 
in exophthalmic goitre and myxosdema, corresponding changes in cardiac output 
are encountered. It is somewhat difficult to see how alterations in the meta- 
bolism (not the result of exercise) produce the appropriate modifications in 
the venous return which must of necessity precede an alteration m cardiac 
output. It may be supposed, however, that when the metabolism is increased, 
the arterioles in the more active tissues are relaxed, with a corresponding rise 
of capillary and venous pressure which propels blood more rapidly to the 

heart. . 

(iv) The ingestion of food (which stimulates metabolism, mcreases tne 
oxygen consumption and raises the pulse rate) may increase the output per 
minute by 0*5-1 litre. Changes in output of a sunilar order of magnitude 
are said to follow the ingestion of large volumes of fluid, 

(4) External Temperature. — (i) When the external temperature is 
lowered (from 16®-20® C. as the starting-point), the minute output and pulse 
rate are little altered. The metabolism is increased, but the grater oxygen 
requirements of the tissues are provided solely by more extensive reduction 
of the blood. 

(ii) If the external temperature is raised the metabqhsm does not ciiange 
at first. Even when the external temperature is as high as 40°-45'" C. the 
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oxygen consumption is increased very slightly ; but both the pulse rate and 
car(hac output per minute are raised considerably. This increase in cardiac 
output is not due to the change in metabolic activity (which is small) but to 
the need for tem'perature regulation. External heat causes dilatation of the 
arterioles of the skin (and also of the capillaries) ; this enables a much larger 
volume of blood to reach the skin and facilitates the giving off of heat 
particularly by evaporation and radiation. The blood in the skin veins has 
a high oxygen content, which raises the oxygen content of the mixed venous 
blood. The increase in venous return needed to maintain the raised minute 
output is presumably brought about by raised capillary and venous pressure 
resulting feom the cutaneous arteriolar dilatation (of. p. 477). 

(5) Relationship to Body Weight. — If weight reduction is brought 
about by dietetic means in obese subjects both the cardiac output and the 
work of the heart are substantially reduced {e.g. by 30%). 

(6) Action of Anoxia. — At high altitudes the cardiac output slowly rises 
at first and then decreases once more to normal (cf. Pig. 243, p. 399). 

(7) Action of 00^ Excess. — The inhalation of carbon dioxide-rich mixtures 
is said to be without effect on the cardiac output until the concentration of 
the gas in the inspired air exceeds 6%. With higher concentrations some 
increase in cardiac output is observed (cf. Fig. 181). 

For effects of hcemorrhage see p. 81 ; injections of intravenous saline, see 
p. 59. 


ABNORMALITIES OP CARDIAC RHYTHM 

Heart Blpck,^ — ^By heart block is meant a condition in which there is 
defective conduction in some part of the heart. 

The following varieties of heart block may be recognized : 

(1) Sino-Auricular Heart Block. — This is a rare condition in which a 
whole heart beat is lost at varying .intervals. During this pause there is 
neither auricular nor ventrioular contraction, nor does any electrical variation 
occur. After an interval which is usually less than two complete cycles, the 
heart resumes its normal action. Occasionally every other beat is suppressed 
completely, and a profound slowing of the whole heart to about 30 beats per 
minute is noted. The condition is at once unmasked by exercise, when the 
“ missing ” beats reappear, and the heart suddenly doubles its rate. It 
then gradually accelerates further, like a normal heart. 

S.A. heart block may be produced by vagal stimulation, and is relieved by 
“ paralysis. ” of the vagal endings with atropine, or by exercise (which de- 
creases vagus tone). The, clinical condition is perhaps due to heightened vagus 
tone acting on a susceptible S.A. node. Block is produced within the substance 
of the node, and the impulse never gets out to activate the rest of the heart. 

(2) Main Bundle Block. — If the bundle of His is compressed or 
damaged, conduction is impaired;; changes occur in the following order ; 

(i) Delayed conduction (P-B interval exceeds 0*2 second). 

(ii) Failure of occasional and then of a larger proportion of the auricular 
impulses to reach the ventricles (see Fig. 161). 

(iii) The ventricles respond to. every second, third, or fourth impulse from 

1 Bosenman et al.. Arch. int. Med., 1960, 86, 196. 
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the ,S;A. node, as shown by the establishment of ratios like 2 : 1, 3 ; 1, 1 : 1 
between the auricular and ventricular beats. 

The above conditions are called partial heart block. 

(iv) Co heart block: none of the auricular impulses reach the 



Fig. 161. — Simultaneous Venous, Radial, and Electrocardiographic Curves from Patient 
with Partial Heart Block, showing “ Dropped ” Beats. 

Records from above downwards : jugular venous pulse, radial pulse, and electrocardiogram, Lead n. 

The second P wave (P*) in the electrocardiogram is not followed by a ventricular complex ; rimilarly the 
second a wave (a*) is not followed by e and v waves ; nor is there any corresponding pulsation at the 
wrist. Following this dropped beat (long pause in the pulse tracing) the P-R and a-c intervals are 
normal ; in the succeeding cycles they lengthen to 0*4 and 0-5 sec. ITotice that the increase of the second 
P-R (arid a-e) intervals over the first is greater than the increase of the third over the second ; tms shortens 
the interventricular period directly preceding the next dropped beat, i.e. the ventricle quickens to the 
point of disturbance. Following the next dropped beat the events are repeated. 

Time (lowest record) in fifths of a second. [Of. Fig. 476.] (Lewis, Mechanism and Graphic Registration 
of Heart Beat.) 


ventricles. Th^ beate of auricles and ventricles are completely dissociated, 
and bear no relation whatever to one another. The ventricles now beat 
with an independent rhythm (Kg. 162). 



Fig. X62. — Complete Heart Block in Man. (Lewis, Mechanism and Graphic 
Be^straiion of Heart Beat.) 

Records from above downwards are : jugular venous pulse, radial pulse, and electrocardiogram (Iiead JI)» 
Note the regular relationship between the jugular c wave, the radial primary wave, and the R -wave 
(aU indicative of ventricular activity). There is a regular relationship also between the jugular a 
waves and the P wave (indicating auricular activity). In their respective records the a waves and P 
waves follow regularly. There is no relationship between auricular and ventricular events. 


When 2 : 1 block is established, the electrocardiogram shows regularly 
spaced P waves, which are twice as numerous as the ventricular complexes. 
When complete block is present, the independent ventricular beats arise 
from the most rhythmic part of that chamber which is usually the region 
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of the bundle just below the site of the block. The excitation process, there* 
fore, reaches the two ventricles along the normal channel of the two branches 
of the bundle. The ventricular complex may be quite normal in character, 
but is in no way related in time to the auricular wave. 

Effects of Heart Block. — While the heart block is partial, the 
ventricles beat slowly but always in response to auricular impidses. The 
circulation is fairly efiectiyely carried out at rest, the diminished rate, 
being compensated ' for by the larger output per beat. Because of the 
larger output per beat the systolic pressure tends to be raised ; the diastolic 
pressure is lower than normal owing to the longer time available for the 
blood to leak out during diastole from the arterial system into the capillaries. 



P*»» not followed by ventricular complex 


sec. . . COMPLETE HEART BLOCK, 

Fig. 163. — Sequence of Events in Stokes-Adams* Attack in Man. 

Electrocardiograph records to be read from left to right and successively from above downwards. 

Time in sec. 

In upper record there are frequent dropped heats (P* not followed by ventricular complex) inter- 
spersed between complete PQRST complexes. 

At arrow in middle record, heart block becomes complete and fSrom then onwards there is a regular 
succession of P* waves, none of which is followed by ventricular complexes. (Hermann et al„ 
Arch. McUad. Coeur.y 1937, 30, 772.) 

Exercise is greatly limited because the necessary acceleration of the heart to 
cope with the greater venous return cannot take place. 

If the heart block becomes complete suddenly^ the ventricles may stop 
beating temporarily. [The same result is obtained when a ligature is tied 
between the auricle and ventricle of the frog (“ Stannius ligature ”).] Some 
little time elapses before they can accustom themselves to the new conditions, 
and so the ventricles are quiescent until they begin beating at their own rate. 

Stokes- Adams’^ S^ — Fig. 163 shows the electrocardiographic 

changes in a case in which, after a phase of partial heart block with frequent 
dropped beats, complete heart block developed acutely, leading to arrest of 
ventricular contraction for % minutes.^ With ventricular standstill the blood 
pressure falls to zero .and the blood supply to the brain ceases. After 5 
seconds, consciousness is lost ; after 15 seconds there are muscular twitchings, 
convulsions and cyanosis ; breathing. Js intensely stimulated (presumably 
reflexly by the fall ;of blood pressure and the anoxia, and also by the COg 
accumulation). After 30 seconds, breathing becomes slowed (owing to the 
^ fermann et <d.. Arch. mal. Coeur, 1937, 30, 763. 
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direct depression of the respiratory centre by bulbar anaemia) and stops after 
1 minute. If the heart remains quiescent death occurs after about 2 minutes. 
In the case illustrated by Fig. 163 the ventricles resumed beating ; this led 
to a transient hypertension, no doubt due to vasoconstriction resulting from 
asphyxial stimulation of the vasomotor centre ; later breathing returned. 

An attack of complete heart block accompanied by fainting as just 
described constitutes the Stokes-Adams* syndrome, 

(3) Bundle Branch Lesions. — If (for example) the right branch of the 
bundle of His is destroyed the left ventricle is invaded normahy. In the 
case of the right ventricle, however, the impulse cannot reach it initially 
along the normal channels ; the impulse spreads relatively slowly from the 
left to the right ventricle by muscular continuity until at some stage it 



A LB.B. B R.B.B.St. C R.B.B. 

Fig. 164. — Electrocardiographic Appearances in Branch Bundle Lesions in Man. 


A. Left branch bundle lesion. 

B. Eight branch bundle lesion (" standard ” curve). 

C. Eight branch bundle lesion (common curve). 

Leads I, II and III from above downwards. Time in 1/5 sec. (Modified from Evans and Turnbull, 
Lancet, 1937, ii, 1129.) 

reaches the right branch bundle below the site of the block, after which 
invasion is completed rapidly. The pattern of left ventricular invasion is 
consequently abnormal and its duration is prolonged. The QRS complex 
which represents total ventricular invasion will likewise be prolonged (its 
duration always exceeds the normal upper limit of 0T2 second) and shows 
abnormal features ; as the . pattern of repolarization is also affected the ST 
segment and T wave will show abnormal features. 

■ (i) Left Branch Bundle Lesions. — The typical human findings are 
illustrated in Fig. 164 In all leads QES exceeds 0*12 second. In Lead I 
the R is tall and is followed by a plateau which may show irregular variations 
(“ splintering ”). In Lead III there is a predominant downwardly directed 
and prolonged S. There is no isoelectric position of the ^T se^ent. ^e 
T wave may take off from above or below the isoelectric level ; its direction 
is in the opposite direction to that of the main initial deflection, i.e. down- 
wards in Lead I and upwards in Lead III. 
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(ii) Right Branch Bundle Lesions. — The electrical findings are com- 
plex. In Lead I there is always a steep prolonged irregular downwardly 
directed S, followed by an upright T (Fig. 164, B, C). The findings in 
Lead III are however very variable ; the main initial wave is commonly 
directed downwards (Fig. 164, C) ; in the so-called standard ” curve (which 
is less common) the main initial wave is directed upwards (Fig. 164, B). 

New Rhythm Centres. — In the normal heart several centres of rhythm 
formation are potentially active, but the centre which generates an impulse 
most rapidly sets the pace of the heart. This is normally the S,A. node. 
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Cold on 


Fig. 166. — ^Myocardiographic Cnrves (A=Aiiricle; V=s= Ventricle) and Electrocardiogram 
from Lead II, showing the Effect of applying Cold to the Snlcus Terminalis in a Dog. 

When cold is applied (see signal) the SJL. rhythm slows ; at the fifth cycle there is escape Of the A.V 
node, though the auricle, being already in systole, does not respond, i.e. the auricle responds to the 
imp^e &om the S.A. node, but the ventricle responds prematurely to the A.V. nodal inmulse (the 
P-R interval is reduced to 0-049 second). Subsequent cycles show fully established A.Vt rhythm. 
The auricle is represented in the electrocardiogram by a minute dip (inverted P wave) preceding the 
upstroke of R. The P-R interval is now reduced to 0-027 second, and the interval between auricular 
and ventricular contraction is reduced almost to nothing ; the two chambers are contracting simul- 
taneously. The auriculo- ventricular interval (upper row of figures) and P-R Interval (lower row 
of figure) are given in decimals of a second. Time marker «= 0-2 second (cf. Fig. 140B). (Lewis, 
Mechanism and Graphic Registration of Heart Beat.) 


(1) If the S.A. node is destroyed or cooled, while the AiV. node is warmed, 
or if the right vagus is stimulated to depress the S.A. node and at the same 
time the left sympathetic is stimulated to heighten the excitability of the 
A.V. node, it is found that the A,V. node becomes the dominating centre. 
The impulse passes from this node at the same time to both auricles and 
ventricles, and the two chambers contract simultaneously. The P-R interval 
is greatly diminished ; the P wave is inverted or is bitried in the substance of 
the E wave (Fig. 166). In clinical records any reduction of the P-R interval 
below normal limits suggests that the impulse is arising in the region of the 
A.V. node* In view of the great structural resemblance between the S.A. and 
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A.V. nodes, it is not surprising to find that the A.V. node is possessed of such 
a high degree of rhythmioity. 

(2) If the ventricles are suddenly cut off from the auricles, they may 
remain quiescent for a time as already explained (p. 284) ; they then resume 
beating, at first slowly and then more rapidly. If the ventricles are gradually 
dissociated from the auricles, the new rhythm attains its full rate very soon. 
The ventricular impulses now arise in the bundle of His just below the site 
of the injury so that the waves representing ventricular invasion (QRS) 
are of normal form (Fig. 162). This idioventricular rhythm is not controlled 
by the vagus. 

(3) Occasioned spontaneous beats may arise anywhere in the substance 
of the auricles or ventricles. True rhythmic function — ^the ability to initiate 




Fig. 166. — ^Auricular Extrasystole. Simnltaneous Venous, Radial, and ElectrocMdio- 
grapidc Curves illustrating Auricular Extraaystoles in a Patient, and a "Diagram 
representing the Disturbed Mechanism (cf. Fig. 140B). 

The third beat is the premature one ; the P wave is inverted and follows very closely on the preceding 
T wave ; the succeeding ventriciuar complex is normal. There is a premature pulsation at the wrist. 
The premature auricular wave a' precedes in a normal fashion c', v\ A pause longer th^ the normal 
diastolic period follows the premature beat in this case. As, Vs = auricular and ventricular systole. 
(Lewis, Mechanim. ani Qraphic Eegistratim of Heart Beat,) 


and maintain the heart beat over prolonged periods — ^is only present in the 
nodes and the junctional tissues. 

Ectopic (Premature) Beats (Extra-Systoles.) — (1) Auriculab. — I^he 
riumg .diastole period ^.passed, 

it f^ wemettu re contract ion. An impulse is transmitted to the 

ventemlesTwSch^ontract too. The rate of recovery of the bundle is slower 
than that of the other parts of the heart, so that if an impulse reaches it 
prematurely, conduction along it is delayed ; the P-E. intep^al, therefore, is 
prolonged. The P wave shows a degree of abnormality which is greater the 
farther the stimulus is applied away from the S.A. node, because (cf. p. 245) 
the height and direction of the P wave are an indication of the way in 
which the excitation process has spread over the auricles. The P wave i^y 
thus be inverted, isoelectric, or abnormal in the details of its configuration. 
The ventricular complex, QRST, is normal. The next auricular impulse 
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arising in the S.A. node appears after a pause equal to the normal 
diastolic period or a little in excess of it (Fig. 166). 

(2) Ventbicular. — If the ventricle is stimulated after the refractory 
period has passed, i.e, after the end of systole, it responds by contracting. 
As the ventricle obeys the ‘‘ all-or-none ” law, it responds to the maximum of 
its ability if the stimulus is adequate. The actual force of the contraction 
depends on the extent to which the ventricles have recovered from their 
previous contraction, and the degree of filling which has taken place. If the 



Fig. 167. — Venfrioulax Extrasystole, SimultaneoTis Venous, Radial, and Electrocardio- 
graphic Curves from a Patient, showing an Extrasystole arising in the Ventricle. 

The diagram placed below the figure illustrates the mechanism of the heart during the period of tho 
disturbance. As, Vs=auxicular and ventricular systole. ; : 

The premature ventricular complex is abnormal in character ; the P wave is buried in, instead of pre- 
ceding, the ventricular complex. Similarly the c' wave is premature and precedes the a wave. 
The pause following the premature beat is longer than normal (compensatory pause) ; the auricular 
rhythm is undisturbed. (Lewis, Mechanism and Graphic Registration of Heart Beat.) 

ventricle is stimulated early in diastole, the contraction it gives is feeble and 
may be insufficient to open the semilunar valves. The premature beat then only 
^ves rise to the first heart sound and is not accompanied by arterial pulsa- 
tion at the wrist. If the premature contraction occurs later in diastole, the 
ventricle may contract sufficiently forcibly to discharge its contents. As the 
ventricle has not had time to become completely filled, the output during 
this premature beat is less than normal, and the pulsation felt at the wrist 
-is small (Fig. 167). ; 

Following the extrasystole there is a long pause [compensatory pause). 
The duration of the “ extrasystolic ” cycle and the “ returning ” cycle (i.e, 
the cycle following on the premature contraction) is equal to two normal 
cycles. The reason for this compensatory pause is simple. The normal 
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auricular impulse which follows the extrasystole finds the ventricles in a re- 
fractory condition, and no response is obtained. The ventricles must therefore 
wait for the succeeding auricular impulse before contracting (Fig. 167). 

Electrocardiographic Features . — The electrical record of the ectopic beat 
shows an abnormal ventricular complex which is not preceded by a P wave ; 
the next P wave is generally buried ” within this ventriciilar complex 
(Fig. 167). The excitation process which arises in the new focus spreads 
ra^jiaUy over the surface of the ventricular muscle in all directions ; it also 
p etrates the ventricular waU to reach the endocardium and so invade the 
specialized Purldnje tissue which transmits the excitation process rapidly 
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Fia. 168. ^Electrocardiographic Records of Ectopic Ventricular Beats directly 

produced in Man. 

The anterior view of heart shows the points which were stimulated on the surface of the ventricles; 

I, 2, 3 are on the left ventricle, the others are on the right ventricle. 

The eiectrocardiograihs are from Leads I and HI taken smi^taneoi^ly, and show the^^ 

from stimulation of points 1, 10, 4, and 3. After Barker, MacLeod, and Alexander, Amer. 
Beart J., 1930, '5.) 


over its own side of the heart. The same changes occur later in the contra- 
lateral ventricle. As the time taken for the excitation process to affect the 
whole of both ventricles is prolonged the QRS will exceed^ 0*12 
duration ; as the pattern of invasion is abnormal the deflections of the QRS 
will be abnormal in appearance. Because of the delay in invasion the pattern 
of repolarization will be altered ; the regions which were excited first may 
begin to repolarize before other regions have been fully invaded. Consequently 
the ST segment and T wave may be altered ; there is no isoelecti^ portion 
of the ST segment ; the T wave takes off from a level above or below the 
isoelectric line and usually has a direction opposite to that of the mam wave 

of the QRS complex. j 

Though the electrical record enables an ectopic lead to be diagnosed as 
ventricular in origin it is difficult to determine from the record the specific 
region in the ventricle where the beat has arisen. Some guidance is obtamed 
10 
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from a study of the records produced by stiinula,ting specific points on the 
human heart exposed at operation. The fact that the hea,rt is exposed means 
that these records will not be identical with those produced by extrasystoles 
of similar site of origin with the chest closed. Some representatiye results 
are shown in Fig. 168. Four groups of reactions were obtained. 

(i) From the anterior surface of the right ventricle (points 4, 5, 6, 7, 8, 9).:, 
the chief ioitial deflection is upwards in Lead I and downwards in Lead III., 

(ii) From the conus region of the right ventricle (point 10) : the chief 
initial deflections are upwards in all three leads. 

(iii) From the left ventricle near the left auriqnlar appendage (point 1) ; 
the chief initial deflection is downwards in Lead I and upwards in Lead IIL 

(iv) From all other points on the left ventricle (points 2, 3, and the posterior 
surface) : the chief initial deflections are downwards in all three leads. 

Right ventricular extrasystoles thus always gave an initial upward 
deflection (R') in Lead I.; left ventricular extrasystoles always gave an 
initial downward deflection (S') in Lead I. 

Paroxysmal Tachycardia. — ^In thia condition the heart may suddenly 
accelerate to 150 or 200 per minute. The new “ pacemaker ” may be situated 
in the auricle or in the ventricle (giving rise tp auricular or ventricular 
tachycardia respectively). In one case studied, the output per minute fell 
from the normal level in that subject of 5*6 litres to 2*5 litres, and the output 
per beat from 77 c.c. to about 15 c.c.^ This example illustrates how a very 
rapid pulse rate at rest may cripple the circulation. Diastole is too brief to 
allow proper filling of the heart, so that each beat only discharges a small 
amount of blood. The rest period is very short, the heart fatigues, and signs . 
of heart failure ultimately appear. 

Response of Auricles to Rapid Stimulation.^ — ^As the frequency of 
stimulation of the auricles (dog) is increased the following sequence of events 
takes place : 

(1) With rates up to 290 per minute the auricles respond regularly with 
contractions of uniform size ; a simple auricular tachyomdic^ is thus set up. 

(2) When the auricles are stimulated at 290-380 per minute, a condition 
called the partially refractory state develops. By tluB is moant that at any 
given moment some auricular muscle fibres are responsive, while adjacent 
fibres are refractory. In response to each stimulus at this. rate some groups 
of fibres react and others fail to respond. If a large part of the auricles 
responds, a big beat is obtained; when a small area reaotSi a , email: beat 
results. The fibres which respond at one beat are not sufdciently recovered 
and fail to react to the succeeding stimulus, so that alternate large and small 
contractions result. 

As the refractory period of the ventricles is. longer thaui that of the 
auricles, they develop a 2: 1 response when stimulation oqcuts at 350 per 
minute. The A.Y. node cannot transmit more than. 2-70 impulses per minute. 

(3) With stiU more rapid rates of stimulation, e,.g. 380-460 per minute, or 
over, the length of the refractory period of the auricular muscle, is increased, 
and is longer than the interval between succeeding , stimuli^ A state of 2: 1 response 

1 Barcrofb, Hearty 1922, 9, 419. 

* For discussion of this condition, aTuicnlar flutter and auricular fihrfllation, see Lewis, 
BriU med. J ., 1921, i, 551, 590. Lewis and associates, Hearty 1920, 7, 191; 247, 293 ; 1921, 
8, 141, 193, 311 ; 1922, 9, 65, 207. 
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of the a-uricles then results, i.e, every other stimulus finds the auricles in a 
completely refractory state, and so a contraction results from alternate 
stimuli only. 

Efficient conduction in the auricles depends on the excitation process meeting 
responsive tissue which can transmit the impulse farther. When the auricles 
are stimulated at high rates, conduction in the auricles is slowed ; considerable 
areas of the auricular wall may be in a refractory state when the excitation 
process reaches them. These form areas of obstruction, and the impulse instead 
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Uppeb Line (1^). 

Diagram illustrating Progress of Single Wave passing through a King of Muecle as 
a result of stimulating it at point marked by Electrodes (A). Black portion of ring 
represents refractory state. 

Lowes Line (1-5)- 

Diagram to illustrate the Establishment of a Circus Movement in a Rin^ of Muscle. The 
ring is stimulated at A and the wave spreads to C and D, At C it is blocked, but 
from D it continues round the ring. When it arrives at C, the refractory state has 
passed off and so it continues to travel round the circle. (Lewis.) 

of flowing smoothly must wind about irregularly to seek out portions of tissue 
which have recovered. The rate of condnction in the auricles when they are 
stimulated at high rates may fall to 5(X) mm. per second (norinal=?=10(X) inm.)» 

Following brief stimulation at these very high rates, auricular flutter or 
auricular fibrillation may set in (p. 292). 

Circus Movement. — If a ring of muscle is taken, and a point upon it, 
A (Fig. Ifl9, upper line), is stimulated, a wave of excitation develops which 
spreads equally in both directions till it reaches the opposite side of the ring 
at B. While the muscle is in the grip of the excitation process, it is completely 
refractory, so when the crests of the excitation waves reach the point B, they 
are faced by unresponsive tissue, and can proceed no farther. The wave of 
excitation is thus arrested, and the active state gradually passes off &om the 
whole ring of musde. 
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If tke rate of stimulation is increased, we have already learnt (p. 290) 
that at a certain critical rate, just before 2 : 1 responses are obtained, a 
condition called the partially refractory state develops. Certain parts of 
the muscle have fully regained their responsiveness, others are still refractory 
when each stimulus falls on the muscle. In the case of a ring of muscle 
(Fig. 169, lower line), let the point A be stimulated so that it responds and 
an impulse spreads out from it. At C, let it be supposed that it finds itself 
faced by an area which has not recovered sufficiently ; the impulse in this 
locahty is consequently extinguished. The region D, however, happens to be 

responsive ; the impulse will therefore spread 
^ in that one direction only. If conditions 

J \ I \ happen to be suitable, it finds responsive 

/ ) '3 \ tissue before it, and travels on as a single- 

/ 1 \ 12 \ wave right round the ring. When 

\ I point C is reached (which was refractory 

I )/ / before) it is found to be responsive, and So 

j I wave travels on to the original starting- 

l ''' J This point too has recovered from 

1 refractory condition, and so a fresh cycle 

\ r^l begins. The wave of excitation can thus go 

on circulating round the ring for minutes or 
^ hours. The term drcm movement is used 

« „ ! . , . . , to describe the wave which travels continu- 

tnS direction (¥ig. 

auricles, showing the supposed 169, lower line). 

paths of the excitation wave To establish a circus movement the 


(broken lines) during auricular following conditions must be fulfilled : 

•fln+faT. ... O ^ * - 


ffl * »“ .f «£»ctoiin» b. 

parts of the musculature were present to prevent the passage 01 the impulse 
thought to receive the ex- in one direction. 

citation wave. (Lewis.) (jj) originally refractory area must 

have recovered when the excitation process reaches it for the second time. 

According to Lewis a circus movement in the auricles is responsible for 
auricular fibrillation and flutter; this view has, however, been refuted by 
recent work. ^ 

Auricular Flutter. — In this clinical condition the auricles beat at 230- 


350 times per minute with considerable regularity and for prolonged periods. 
The bunffie of His cannot transmit impulses at such high frequencies ; the 
ventricular rate is generally half or even a quarter of the auricular rate and 
shows a regular or an irre^ar rhythm. 

Auricular flutter can be produced experimentally in the following manner. 
The auricles are stimulated by induction shocks at 300-600 times a minute. 
For a few seconds the auricles respond very rapidly. The stimuli are then 
withdrawn. Instead of resuming their original rate, the auricles may continue 
to beat rapidly, but not at the rate at which the induction shocks had been 
thrown in. According to Lewis a circus movement has been set up which 
travels continuously round a ring of auricular tissue, e,g, the tissue joining the 
openings of the inferior and superior venae cavae (Fig. 170). Instead of the 
auricles being stimulated, as normally, from a single point, the sino-auricular 
node, there is a sort of circulating centre of impulse formation. As the wave 
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travels round tlie ring, the excitation process spreads out from the ring to 
activate the outlying parts of the auricular muscle. The auricles contract 
once, each time the wave completes one circuit of the ring. 

Experimental re-examination of the question has shown, however, that 
a circus movement is not set up. Auricular flutter is simply a high grade 
auricular tachycardia, the impulses being set up at high frequency (usually 
230-350 per minute) from a single ectopic focus. 



Fig. 171. — Experimental Auricular Fibrillation. 

Experiment on a Dog ; chest open. 

Records from above downwards : contraction of auricles, contraction of ventricles, carotid pulse, time 
in seconds. 

During the first part of the record the auricles arc in a state of fibrillation (fine irregular oscillation m 
dSistolic position) ; the beat of the ventricles is completely irregular in force and rate ; the carotid 
pulse is also completely irregular. 

At the arrow, regular auricular contractions spontaneously returned ; the ventricles respond regularly 
to the auricular beats, and the carotid pulse likewise becomes regular. (Redrawn from Lewis, 
Mechanism and Graphic Registration of Eeart Seat, 1925.) 


Auricular Fibrillation. — This condition can be induced experimentally 
by transient electrical stimulation of the auricles (at 300-600 times per nmute) 
or by local application of aconitine. High speed colour films of the auricles in 
the dog have been taken at 2000 frames per second and later projected at 8 
frames per second ; the events of one second in the auricle unfold themselves 
in 4 minutes on the screen. A rnagnification of 100-fold is simultaneously 
obtained.^ These records show that in auricular fibrillation, two types of 
muscular activity occur : 

(i) Moderately irregular contractions, visible to the naked eye, repeated 
at a rate of 400-600 per minute and not uniform in strength. These are 
shown in Fig, 171 ; they are associated with small irregular, eleotrical^ oscil- 
lations labelled/, / (Fig. 172), which replace the P wave. There is no evidence 
of a circus movement. 

^ Prinzmetal et al,, CircvUUion, 1960, 1, 241 ; J. Amer, med. Assoc,, 1961, Idtf, 1276. 
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(ii) Much smaller, very irregular, contractions occuring at very high speeds. 
Frequencies of 800-1600 per minute are recorded by direct leads ; more 
sensitive methods are claimed to record oscillations at frequencies up to 
40,000 per minute. These excursions are rightly called minute or ‘‘ M ” ; by 
contrast, and only by contrast, the tiny excursions referred to in (i) are called 
‘‘ L ” (large). 

As in flutter, so in fibriQation, the A.V. bundle does not transmit all the 
impulses reaching it. The ventricular rate is much less than that of the 
aufieles (e.^. only 130 per minute), and the beats are completely irregular and 
bear no constant relationship to one another. The beats may similarly 
large ot small, depending on how much blood is present in the left ventricle 
at the beginning of each systole. This rapid ifregiilarity greatly interferes 
with the output per minute, which falls to less than 4 litres, and each beat 
of the heart discharges only 30-40 c.c. Auricular fibrillation commonly 



Fig. 172. — ^Auricular Fibrillation in Man. 

SInHiltMicoiia Eecords of Jugular Venous Tracing, Badial Curve and Electrocardiogram (Lead II). 

The P waves are replaced by small Irregular oscillations (f, f). The ventricular complexes are of 
supfavehtricular origin and occur at completely irregular intervals (note intervals between 
E waves). 

The radial curve displays the gross pulse Irregularity, No a waves are present in the jugular curve. 

(Lewis, MeehmUm and Graphic SigUtraHon of Heart Beat.) 

develops in. .subjects .with mitral stenosis, in severe hyperthyroidism and in 
degenerative states of the myocardium. 

Typical graphic records from a case of clinical auricular fibrillation are 
shown in Fig. 172. 

Ventricular Fibrillation may be produced as follows : 

(i) Application of a strong constant or faradic current to the ventricles. 

(ii) legation of a coronary artery (cf* p* 238). 

(lii) Ad m inistration of toxic substances, including excessive doses of 
digitaUs. 

(iv) When low percentages of chloroform vapour are inhaled, the irritability 
of the ventricles is enhanced to a precarious degree. Injections of minute 
doses of adrenaUnCi stimulation of a sensory nerve, or Some incon*- 
spicuous and unnoticed influence, or even a fresh dose of stronger vapour, 
tnay precipitate fibrillation.^ 

(v) Not infrequently following simultaneous division of both sinus and 
aortic nerves. 

SbiqubnoE op EvBNTSt-^(i) Ventricular exttasystolcs arise in one ot 
many foci, (ii) Rapid, almost regular, small undulations of the ventricles occur» 

1 Levy, Bean, 1913> 4^ 319. 
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(iii) Fibriilatibii sets in, aiid co-ordinated contractions of tlie heart fibres 
cease. The heart dilates and the blood pressure falls to zero. On inspection 
the ventricle^ display minute quivering movements ; one area is contracted 
while an adjacent one is relaxed. The electrocardiogram shows large irregular 
oscillations. 

Clinically, fibrillation df the ventricles has been recorded in the dying 
heart. The earlief stages (i) and (ii) have been recovered from. Yentrieular 
fibrillation is the mechanism of sudden and unexpected death, preceded by 
loss of guise, pallor passing to cyanosis, and a few gasping respirations. 


HEART FAILURE. CIRCULATION IN VALVULAR DISEASE ^ 

Heart Failure. — ^The efficiency of the heart in maintaining an adequate 
circulation is best judged from the patient’s symptoms, the results of routine 
clinical examination, and most important of all, by the response of the patient 
to various degrees of exertion. An inadequate blood supply to the heart 
muscle manifests itself in fain on exertion (p. 750). Failure of the left ventricle 
leads to a fall of arterial blood pressure and decreased blood flow to the 
principal organs, especially the brain and kidney, with the expected results 
(p. 460) ;if the right venliicle continues to beat normally, engorgement and 
oedema of the lungs results (p. 116). Failure of the left awncZe leads to its en- 
largement and to obstruction to the outflow from the limgs, again with 
resulting pulmonary congestion and cndema. These lung changes lead to a 
decrease in the vital capacity (p. 363). 

Failure of the right ventricle leads to engorgement of the right auricle with 
resulting rise of general venous pressure (p. 319), swelling of the liver, oedema 
(p. Ill), and SefOUe effusions into the peritoneum or pleura. Cyanosis and 
dyspnoea are very common manifestations of heart failure, which are 
fully discussed on pp, 451 and 460. (These references should be carefully 
consulted.) 

Determinations of the circulation time (p. 262) confinn but generally add 
little to the results of clinical examination. Determinations of cardiac output 
in heart failure have yielded little information of use. It must be remembered 
that the cardiac output methods available in man really measure the pulmonary 
blood flow, which equals the right (and normally also the left) ventricular 
output. In left-sided Valvular disease {e.g, aortic incompetence, mitral in 
competence) the cardiac output as determined by the Fick method (p, 278) is 
a measure of the right Ventricular output and therefore of the venous return 
and of the actual blood flow to the tissues (t.e. the “ peripheral blood flow ”) ; 
it thus measures the net output of the left ventricle into the arteries and not 
the actual output. The tize of the heart as determined by X-ray examination 
is a better index of the stroke volume m these valvular disorders. It is dis- 
appointing moreover to find Httie relationship between the peripheral blood 
flow {i.e. the cardiac output as measured by the usual techniques) and the 
state of the circulation as judged clinically. The cardiac^ output may be 
apparently uriifednced when cMcaUy circiilatoty failxlre is manifest; nC 
explanation ie available iot this strange discrepancy. 

Tt 1 Lewis, Diseases of Seart, 4th edba., London, 1^46, fishbeig, HedH failure, 2nd edn., 
1940. 
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The significance of electrocardiographic records is considered on pp. 251 
et seq, and 282 et seq. 

Experimental Mitral Incompetence. — In experimental mitral lesions, 
little if any regurgitation into the auricle occurs during the isometric con- 
traction phase of the ventricular systole. This is due to the shortness of 
this phase (0*05 second), and also to the fact that left intraventricular pressure 
during this phase of the cycle is relatively low, ranging up from a few mm. 
Hg to only 60 mm. Hg (Fig. 173). 

The principal backflow occurs during the ejection phase (when left ven- 
tricular pressure is very high), and it continues for 0*08 second into diastole. 
The intraventricular pressure then falls below the intra-auricular, and the 
auriculo-ventricular (A.V.) valves open. The auricular volume and pressure 
increase markedly throughout the period of regurgitation. Because of the 
regurgitation, the systolic discharge of the left ventricle into the aorta is at 



Fia. 173. — Simultaneous Records of Auricular (upper) and Ventricular (lower) Pressure 
Changes in Experimental Mitr^ Incompetence. 

A. Bae Auricular systole ; BCi^Secoud positive wave in auride and isometric ventricular contraction 
CDsas Ejection phase of ventricle ; Ee= Closure of aortic valves ; EE=lBometric ventricular relaxa- 
tion. At ♦ mitral incompetence produced. Note that AB, BC, in auricular record are llttjie altered. 
During ventricular ejection^ CD, auricular pressure is markedly raised by regurgitating blood. Re- 
gurgitation continues through early part of diastole. Time in 0-02 second. (Wiggers and Fell, 
Heart.) 


first reduced. The initial result, therefore, of an experimental mitral regurgita- 
tion is that the systoKc and diastolic blood pressure fall and the pulse pressure 
is decreased. Compensation, however, is soon effected. 

When the A.V. valves open, the left; auricle, which is engorged with blood 
(which has come from the right heart and also through the mitral leak from 
the left ventricle), discharges an increased volume into the left ventricle. 
This results in greater initial length of the ventricular fibres and more forcible 
contraction. Some of the ventricular blood regurgitates into the left auricle, 
but enough is pumped into the systemic arteries to maintain an adequate 
circulation. 

The augmented volume of blood in the left auricle is accommodated by 
expansion of the left auricle and pulmonary veins. When the heart is well 
compensated the pressure in the pulmonary bed only rises temporarily during 
the ventricular ejection phase when regurgitation is occurring. 

Disease of Mitral Valves. — Olinically, mitral valvular disease almost 
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invariably leads to the occurrence of both incompetence and stenosis of the 
valve orifice. Stenosis interferes with the outflow of the blood from the 
left auricle, both during the passive outflow which occurs early in diastole 
and the active outflow resulting from auricular systole (p. 258). Incom- 
petence leads to regurgitation of blood from the left ventricle into the left 
auricle during ventricular systole as described above. The left auricle is 
therefore overdistended during diastole when it receives its normal inflow 
from the pulmonary circuit. The greater stretch of the muscle fibres leads 
as usual to greater force of contraction ; a larger volume of blood (both 
that which has regurgitated and that which has newly arrived) is discharged 
into the ventricle. When compensation is perfect enough extra blood is 
sent into the left ventricle to make up for the volume which regurgitates ; the 
actual ventricular outflow into the arterial system is at this stage undiminished 
although at the expense of greater ventricular effort. If the stenosis becomes 
more severe, ventricular filling may be diminished and the output into the 
aorta is reduced. If regurgitation becomes very free, a large fraction of 
the ventricular inflow leaks 
back into the auricle and 
again the flow into the 
arterial system suffers. As 
compensation fails there is 
increasing dilatation of 
the left auricle with the 
consequences detailed on 
p. 460. If auricular fibril- 
lation sets in the co- 
ordinated contraction of 
the auricles ceases and 
the ventricles can only fill 
passively in diastole when 
the auricular pressure ex- 
ceeds that in the ven- 
tricles. The rapid irregular 
contractions of the ven- 
tricles interfere further 
with the cardiac output 
which is seriously diminished. [For electrocardiographic changes, see 
Fig. 147, A, and p. 247 ; heart sounds, p. 267 and footnote.] 

Aortic Regurgitation. — In this condition some of the left ventricular 
output leaks back during diastole from the aorta into the ventricle ; a 
characteristic diastolic murmur is set up (Fig. 174). The left ventricle is 
simultaneously being normally filled from the left auricle ; at the end of 
diastole the ventricle is excessively distended, the muscle fibres are more 
stretched and accordingly the force of contraction is increased ; the output 
per beat correspondingly rises. The chronic overwork of the left ventricle 
gradually leads to hypertrophy of its fibres (p. 277). Owing to the raised 
output the systolic blood pressure is high (up to 180 mm. Hg). If com- 
pensation is perfect the net ventricular output, i.e, the blood supply to the 
tissues {“ peripheral blood flow ”) is undiminished ; to accomplish this end 
the output of the left ventricle per beat has to be increased by a volume 
10 * 



Fig. 174. — ^Heart Sounds in Aortic Regurgitation. 
(Braun-Menendez and Orias, Heart Soutw^ in Health 
and Disease, London, 1939.) 

Records ftom above downwards are: electrocardiogram; heart 
sounds (lelst sound, Z=2nd sound, S^aortlc diastolic 
murmur) ; apex beat pulsations (Ap.B.). 
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of blood equal to that which regurgitates during each diastole back again 
into the ventricle (so-called shunt blood) ^ and which, of course, never passes 
to the periphery. The diastolic pressure is lov^ (and the pulse pressure 
therefore raised) ; this is mainly due to the leak back into the ventricle. 
It is also suggested that the large cardiac output may set up an exaggerated 
sino-aortic reflex at the height of systole with resulting marked trausient 
arteriolar dilatation. This reflex leads to a rapid escape of blood from the 
arterioles into the capillaries ; it also contributes to the collapse of the pulse 
(infru). 

Cases of arterio-venous aneurysm, i.e^ whete there is a large abnormal com- 
munication between an attery and a vein^ present many of the arterial 
phenomena of aortic regurgitation. Iii both conditions blood leaks out of 
the arteries by othet than the natural pores provided by the capillaries. 
Certain differences are naturally to be expected, because in aortic regurgitation 
the leak is confined to diastole and in the aneurysm the leak occurs through- 
out the cardiac cycles The following arterial phenomena are common to 
both conditions and are abolished by closing the anastomosis in arterio- 
venous aneurysm ; they are therefore due to the abnjormal letik which is 
present : 

(i) Low diastolic pressure (supra). 

(ii) Water hammer ” character of the pUlSe, Le. a Sudden impact is felt 
by the palpating hand. This sensation is due to the rapid upstroke in the 
initial phase of the primary wave, which may also be of greater amplitude 
than normal. The phenomenon is much exaggerated by holding up the arm 
vertically. 

Time from Beginning df Upeifoke to Half -wag Poiitt, 

Horizontal position of arm . Normal, 0-d3& sCC. Abrt. Reg., 0*027 sec. 

Vertical position of arm . Normal, 0*04& sCC. Aott. Reg., 0*017 sec. 

The speedy ascent is due to the abnormally low diastolic pressure. 
As ventricular ejection meets with very little resistance^ the blood leaves the 
ventricle very rapidly, and the aortic pressure rises with abnormal speed. 
Visible pulsation in the arteries of th^ neck is due to the same reason, i,e. 
sudden distension of the underfilled vesselSi 

(iii) Oollapse of the Pulse. — ^After the Sudden impact just described, the 
pulse rapidly falls away. Part of tJie fall occurs during systole (when no 
regurgitation is occurring), i^e^ it precedes the dicrotic notch ; this is attri- 
buted to a reflex vasodilatation of the peripheral arterioles (of. p. 261). 
There is also a steep fall which follows the dicfotio notch and therefore occurs 
during diastole ; this is due to the refiuX of blood which is then Occurring 
into the ventricle. 

A case showing all the arterial signs enumerated above is described by 
Lewis as one of “ free ” aortic regurgitation^ The degree of leak must be 
equal to that present in aifterio^venOus anCurysm when tihe same arterial 
phenomena are present; The leak, it is fOlindj may equal or exceed 50% of 
the total cardiac output; 

Bhbd Pressure in Leg and In aortic regurgitation there is hyper^ 

tonus of the walls Of the main leg arteries, which d^cduishes the lumen of 
these yessek and so keeps the blood out of the dependent parts; When tiie 
blood pressure is determhied with the Subject in the horizontal position, the 
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apparent systolic pressure is higter in the leg than in the arm as the spasm 
of the wall of the leg vessels must be overcome before obliteration of the 
vessel can begin. If the limb is warmed the hypertonus disappears, and 
the systolic pressure readings in leg and arm become the same. 

Gapilla/ry pulsation is present in aortic regurgitation, and is seen 

as a rhythmic expan- 
sion of the capillary 

loops with each beat OPERATION 

of the heart; the 1^16-4 

pulsation affects the < ^ 14 1 iii - 

minute skin venules, S ly 12 - j! 1 

too. Capillary pulsa- ^ ^ 10 - M '00 ^ 

tion is a physiological § ^ 8 ~ M '|| i - 

phenomenon and oc- ^ zl} I ill i i » i 1 1 1 i t I - 

curs in the skin and 1 

mucous membranes i ^ ^ Z 1 i - 

whenever the arteri- k ^ 3*d - 1 I I - 

oles are sufficiently ^ | \ - 

dilated, provided that | I" 

the pulse pressure is § ^ | ^ j || | | - 

normal and capillaiy ^ - \ \\ M | | 

and venule tone is 5 ^ “ I I ‘ 11 I I "" 

not increased. It is § — — i — 1 — 1 — i i — i t » 

to be commonly 5 ^ 40 - ‘ ra S “ 

served in young people ^!|| | I 

at room temperatures U mm t 

of 17 ®- 20 ° C., after ^ Mmi -l- t ^ \ u i t 

soaking the hand in 300 - j 

water at 46° 0., and ra 1 

in the facial flush ^^^200- ^ *“ 

produced by amyl 1 Hi 

nitrite. Capillary lOO - ^ ^j|| - 0 “ 

pulsation should ^ I ! 11 1 \ 1 8 1 » 1 i » » 

therefore be regarded 
as associated with 
dilated arterioles, 

wMch permit lie 175.— C&culatory Changes in Constrictive PericSatditis 

pulse to reach the and the Effects of Pericardial Resection. (Stewart and 
minute skin vessels, Heuer, .drc^. int, Med,, 1939, 63 i 607.) 
rather with any Clrenlatlon Ume In seconds : a decrease in the time indicate* increased 

particular morbid CardlaTottont^ in litres per minute and c.c. i>er beat. 

condition. venous pressure in cm. H2O ; a fefl of pressure indicates decreased 

It should be noted w1?^ked enlargement of the Uver. 

that the regurgitant 

stream in aortic incompetence raises the intraventricular tension in diartole 
and thus iinpedes the filling of the left ventricle through the mitral orifice. 
The filling of the coronary arteries is impaired because it normally occurs mainly 
during diastole and depends on the blood pressure during ffiastole whi^ in 
aortic regurgitation is lowered; The nutritioil of the heart mUscle Stiffers, 
and dilatation results. 


ly 300 
^^|'200 
100 


Eio. 176. — Circulatory Changes in Constrictive Pericarditis 
and the Effects of Pericardial Resection. (Stewart and 
Hener, .drc^. ifU. Med., 1939, 63 j 607.) 

Circulation time In seconds : a decrease in the time indicate* increased 
cardiac ontpnt. ^ ^ ^ 

Cardiac output : in litres per minute and c.c. per beat. ^ ^ 

Venous pressure in cm. H 2 O ; a fiOl of pressure indicates decreased 
venous congestion. ^ 

initially there was_nierked enlargement of the liver. 
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The changes that take place in the circulation when failure of compensa* 
tion occurs ^ in aortic regurgitation are discussed on p. 460. 

Constrictive Pericarditis. — This clinical condition (often called 
adherent fericardium) illustrates well the results of external mechanical inter- 
ference with the heart’s action. The pericardium is thickened and firmly 
adherent to the surface of the heart and to the mediastinal structures. This 
indistensible casing interferes with diastolic filling of the heart ; it likewise 
hampers the shortening of the muscle fibres during systole. The cardiac output 
is consequently reduced, the circulation time is prolonged, and the venous 
pressure is raised (Fig. 175). Resection of the thickened pericardium leads to 
great circulatory amelioration. 


REGULATION OF BLOOD PRESSURE.* PERIPHERAL 
CIRCULATION 

The. blood pr^fii^ure, is Jh!^,, lateral. pressi^^ on the walls pf the 

vessels by thejj^iutainedMpQd. The systolic arterial pressure is the maximum 
pressure in the arteries during systole ; the diastolic pressure is the lowest 
pressure during diastole. The pulse pressure is the difference between the 
diastolic and systolic pressure. 

Measurement of Arterial Blood Pressure in Man. — The sphygmo- 
manometer is used ; the rubber bag (enclosed in an unyielding cufif) is fixed 
round the upper arm and connected with the pressure pump and a mercury 
or spring manometer. The pressure in the bag is rapidly raised to 200 mm. 
Hg to obliterate the brachial artery and to overcome any spasm which may 
be present ; the subsequent procedure depends on whether the palpatory or 
auscultatory method is being used. 

(i) P^PATOKY Methob. — The cujEf pressure is lowered until the pulse can 
just be detected at the wrist. This is the measure of the systolic pressure ; 
diastolic pressure cannot be determined by this method. 

(ii) Auscultatory Method. — A stethoscope is placed over the brachial 
artery below the cuff. The cuff pressure is lowered and a series of character- 
istic sounds is heard. 

First phase : suddenly a clear sound is heard. The systolic blood pressure 
is the pressure at which the sound is first heard. The sound continues to be 
heard while the pressure is lowSIred by about another 15 mm. 

Second phase : the sound becomes murmurish in character ; it can be 
heard while the pressure is lowered by about another 15 mm. 

Third phase : the murmur is replaced by a sound which becomes progres- 
sively louder and more ‘‘ banging ” in character during the next 20 mm. of 
fall of pressure. 

Fourth phase : the sound suddenly becomes soft and mufBled. The point 
at which the sound begins to fade is the accepted criterion of the diastolic 
pressure, 

^ Altschtde, Medicine, 1938, 17,16. 

* McBowall, Control of Circulation of Blood, 1938. Assoc. Res. nerv. ment. Dis., 
Circtdation of Brain and Spinal Cord, 1938.. Franklin, Brit. med. J., 1961, i, 1343, 1410. 
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Fifth phase: cessation of all sound. In many cases, howerer, total 
cessation of the sound does not occur. 

For clinical purposes, in addition to “ casual ” readings, it is important 
that basal readings should also be taken : the patient is at rest in the recumbent 
position or in the sitting position with the artery at heart level ; readings are 
repeatedly taken until a steady minimal level is obtained. 

Normal Blood Pressure.— During childhood the systolic pressure 
gradually increases. It ranges from 75 to 90 mm. Hg during infancy, from 90 
to 110 mm. in childhood, and 100 to 120 mm. about puberty. The diastolic 
pressure ranges round 50 mm. during the first few years of life, and after that 
until puberty it remains fairly 
constant at 60 mm. 

In adults the average normal «« 

systolic pressure is usually stated it do - I rn 

to be about 125-130 mm. Hg with ^ 11 

a range of ± 15, i.e. values between ^ | | 

110 and 145 mm. are within the g ^00 - | | 

range of the normal. In older S | | 

people it is between 140 and 150 | | 

mm. (Fig. 176). ^ slii ... 

A study of over 10,000 appar- g I IS I I 

ently normal subjects of all ages, g 500 - ...liSIrrl 
in many cases for periods of 10 § 
years, has led to slightly different ^ ^oo - p : r: 
conclusions.^ The usual normal y i -■ U ! ' - - m 

range of systolic pressure was 90- , ^ r li. 

120 mm. Hg; that of diastolic 100 

pressure was 60-80 mm. The 

mature ” pressure was reached in 100 120 140 ^0 180 

adolescence and did not rise with iBLOOD pressure (mniH^) 


age. The upper limits of normal — Distribution of Blood Pressure 

systolic and diastolic pressure were (Systolic) in Normal People. (After 

placed at 140 and 90 mm. respect- Burn, Proc. roy. Soc. Med., 1934, 5^, 15). 

ively. Most clinicians regard a 

basal systolic blood pressure which regularly exceeds 150 min. Hg as 
indicating a deviation from normal. 

The systolic pressure may fluctuate with physiological conditions ^ch as 
exertion (p. 435), mental state, sleep, or meals. 

The diastolic pressure is a measure of the peripheral resistance, and depends 
mainly on the tone of the arterioles. It is less subject to temporary fluctua- 
tions than is the systolic pressure. It is normally 35-50 mm. Hg lower than 
the systolic pressure. 

The pulse pressure is the rise of pressure produced by ventricular systole. 
Though there is a general correspondence between the size of the pulse pressure 
and the output of the heart in the sense that both increase or decrease 
synchronously, there are no regular quantitative relations between the two. 
The same pulse pressure may at different times and in different individuals 
correspond to systolic discharges of very different volumes. 

Graphic Recording. — In animals the blood pressure can be recorded 
1 Brobinson and Bracer, Ardi. ini. Med., 1939, 64, 409. 
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gr^iphioally by inserting a cannula into tlie carotid artery and connecting it 
with a mercury manometer provided with a float and writing-point whiph 
records on a moving smoked surface. The cannula and tubing are filled 
with an anticoagulant fluid. These records show an oscillation with eaph 
heart beat. The real pulse-pressure difference is not accurately recorded, 
as owing to its inertia the mercury does npt rise to full systolic level or fall 
to the real diastolic level. With a slowly beating heart there is more time to 
overcome the inertia of the mercury, and the oscillations are larger ; with a 
rapidly beating heart the oscillations are smaller in extent. The size of the 
oscillation is not a reliable indication of the cardiac output or force, Commordy, 
too, a variation with the phases of respircHion can be seen (Fig, 186 and 
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Fio. 177, — ^Pressure Gradient in Different Parts of the 
Vascular Bed. 

Xote that the greatest fall of blood pressure occurs in the arterioles. 

The osmotic pressure of the plasma proteins is indicated by 
the +, and is intermediate in valije between the pressures in the 
arteriolar and venous capillary. (After Landis, Amer, J 
Physiol.) 

p, 313). Direct blood pressure recording from the interior of arteries has also 
been carried out in man (Fig. 186). 

Fgetora controlling (Arterial) Blood Pressure.— The blood pressure 
varies as the product of the c ardi ac output and the peripheral resistance- To 
a minor degree it also depends on eUeiioity of the large arteries (p. 262). 
The cardiac output depends on the venous return, the force and the rate 
of heart (for full diecuesion see pp. 274 et seg^,). Other factors remaining 
unaltered, an increase in cardiac output raises, and a fall in output lowers, 
the blood pressure. ^The peripheral resistance mil now he considered. 

Peripheral Resistance, — The peripheral resistance is found chiefly in 
the tonicaUy contracted arterioles (especially those of the splanchnic area 
and the sJon), and to a less e 2 :tent in the oapillariei. 

The pressure ^adients in the various parts of the vascular bed have 
been determined directly in several species (Fig. 177), ]!7ormaUy, the greatest 
foil of procure takes place while the blood is flowing through the arterioles ; 
but a considerable further fall occurs in the capillaries too. 
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T1x 6 frictional r^istanc^ Qiipp^ntorcd by jS-uid passing tbiongb narrow 
tubes depends on (i) its viscosity ; (ii) size of the lumen of the tube ; (iii) 
velocity of flow* 

The factors deteypiipi.ng viscosity of blood are discussed on p. 135. 
A decrease in viscosity lowers the resistance, an increase in viscosity raises 
the resistance. K the viscosity of water is taken as 1, plasma is 1*55 ; blood 
samples with corpuscular hsematocrit values of 25, 35, 45, 55 and 65% have 
viscosities of 1*7, 1*9, 2*1, 2*6 and 3*0 respectively. The greatly increased 
viscosity of the blood in erythraemia (p. 168) accounts in large measure for 
the associated hypertension. 

As the capillaries are so much narrower than the arterioles, it may be 
wondered why the resistance is principally met with in the latter vessels ; 
the reason is that rapidly flowing fluid meets with much more resistance than 
slowly flowing fluid, and the velocity in the arterioles is many times higher 
than in the capillaries. 

The part played by the arterioles is so muph better known than that of 
riie capillaries that the latter are often left out from discussions of the peri- 
pheral resistance, but doubtless they participate in many reactions. The 
significance of capillary tone is discussed on p. 320. In some conditions 
arteriolar dilatation is associated with capillary contraction : the major part 
of the peripheral resi^tg,ncp may then be located in the capillaries. 

Fig. 178 summarizes the factors which regulate the tone of the arterioles. 

The Vasomotor Centre. — The degree of contraction (tone) of the 
arterioles (and probably also of the capiliaries and veins) is under the con- 
tinuous control of the vasomotor centre which is situated in the floor of the 
fourth ventricle at the level of the apex of the calamus scriptorius. The 
centre gives, rise to fibres which pass down the cervical cord (in the white 
matter of the lateral colunana (Fig. 687) to all the thoracic and the upper two 
lumbar segments to end in the connector cells of the sympathetic which lie 
in the lateral hpm of grpy matter. The vasoconstrictor fibres then pass 
out in the sympathetic neiwous system (described in detail at pp. 707 
et seq,) to the various parts of the body. 

The vasomotor centre, is continually sending out excitor impulses to the 
arterioles to maintain theic npirnial degree of tone. The rate of impulse 
conduction in vasomotor nerves is slow as the preganglionic are B fibres, 
and the postganglionic aa:e. 0 fibres (p. 4:92). The frequency of the impulses 
in these fibres varies with the degree ..of activity of the vasomotor centre. 
Thus asphyri^ increases th^ S:ejqi;enpy of the discharge ; depression of the 
vasomotor centrA may cause a temporary arrest of the discharge in sym- 
pathetic nerves. There is a variation in the sympathetic discharge with the 
phases of respiration ; the maximum discharge occurs towards the end of 
inspiration owing to an irradiation from the respiratory to the vasomotor centre 
which is situated in very close relationship to it (cf. p, 271 and Fig. 156). 

When the medulla oblongata is trans-sected at the level of the calamus 
scriptoriusj a fall of bipod pre^ure occurs down to about 40 mm. because 
the tonic impulses firom tl^ vasomotor centre are cut off. Section of the 
^inal cord above the level of the first thor^ic segment produces an equally 
severe depression of the blood^ressur% becau^ the vasomotor centre has been 
cut off- from ^ the sympa^etio. ceimector ceils in the spinal cord. Section 
below the level of the secmid lumbar segment produces a minimal effect, 
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because all the vasomotor fibres have already passed out of the cord (cf 
p. 690). 

Following division of the spinal cord, the blood pressure finally recovers 
owing to the connector cells in the cord functioning independently as sub- 
sidiary vasomotor centres (p. 691). 


H.C. 



Fia. 178. — Regulation of Arterial Tone. 


respiratory centre; C.S., C.B.= Carotid sinus and 
CMOtid body , C.C,, E.G.™ Connector and excitor cells of sympathetic nervous svstem • D N U. — 
Boi^ i^vc r<wt ^lator fibres ; Parasymp. —Cranial or sacral autonomic dilator fibres ; A.B —Aortic 
body; H.G. -Higher centres (cerebral cortex and hypothalamus). uurea , aotoc. 


The activity of the vasomotor centre cannot be determined merely by 
recording the general blood pressure. A rise in blood pressure may be due 
either to mcreased peripheral resistance or increased cardiac output (or both) ; 
if the peripheral resistance is halved and the cardiac output doubled, tEe blood 
pressme remains unchanged. The state of the blood vessels and the peri- 
pheral blood flow in various regions can be studied by the methods described 
below ; particular attention will be paid to methods which are used in man. 

Methods and Results of Studying Peripheral Circulation,— 
(1) Plethysmogeaphy.— The organ (in animals, limb, kidney, spleen, 
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intestine, etc., or in man, part of a limb such as hand, forearm, or hand plus 
forearm) is enclosed in an airtight vessel ('plethysmograph, oncometer) which 
is connected with a recording apparatus (Pig. 179). Changes in the volume of 
the organ are due to alterations in the amount of contained blood, which in 
turn depends on the calibre of the blood vessels. Expansion of the organ 
represents vasodilatation (Fig. 187, A), shrinkage of the organ indicates vaso- 
constriction. These changes may be actively produced by an alteration of 
local vascular tone or jpassively produced by a rise or fall of arterial or 
venous blood pressure. The plethysmograph record does not give information 
about the particular section of the vascmar system involved (Le. whether 
arterioles, capillaries, or veins 
are affected). 

(2) Measurement op 
Arterial Inplow by Venous 
Occlusion Plethysmo- 
graphy.^ — The organ is en- 
closed in a plethysmograph as 
above ; the venous outflow is 
obstructed for a few seconds. 

The arterial inflow continues 
practically unchecked during 
this time and the organ swells 
to an extent which is recorded 
by the plethysmograph sys- 
tem. 'V^en the blood flow 
is to be measured by this 
method in a human limb 
(forearm, hand) a cuff is 
wrapped round the arm above 
the plethysmograph and the 
pressure is raised suddenly 
to 50-70 mm. Hg (i.e, just 
below the diastolic pressure) 

to occlude the veins for 10 .... 

seconds. The degree of limb swelling which occurs during this time is 
determined (Fig. 200) ; it equals the aerial inflow. The pressure is then 
released and the procedure repeated at intervals of 5-10 seconds. 

It should be noted that in man the upper arm or forearm consists of 85% 
muscle and 10% sldn ; in the hand, and especially in the digits, the muscles 
form a much smaller proportion of the total tissue mass. Changes in skeletal 
muscle blood flow in man are discussed on p. 432, and in skin.ffow.tm-p^v^T. 

(3) Skin Temperature. — These measurements are carried out in man 

with a thermocouple connected with a sensitive galvanometer. A fall of skin 
temperature (when the external temperature is constant) represents diminished 
local blood flow (usually due to active arteriolar constriction) ; conversely, a 
rise of temperature represents arteriolar dilatation and greater blood flow. 
(For records, see Figs. 198, 211, 216, 217.) , ^ ttv 

(4) Cerebral Blood Flow. — ( i) Estimates hosed on arterial-venous (A-V) 

1 Lewis and Grant, Heart, 1925, 12, 73. Grant et at., Clin. Sci., 1938, 3, 119 157, 273, 
Wilkins et al., ibid., 403. 



Fig. 179.— Human Plethysmography. 

The forearm is enclosed in an aiztis^t pletbTsmograph which 
is connected with a Mare>*s tunbonr. If a blood presauie 
f cuff is placed on the upper arm and inflated for 10*' to arrest 
j^,the venous outflow, the blood flow can be measured by 
^venous occlusion plethysmography. 
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oxygen difference, — In n^n the oxygen content of arterial and jugular venous 
blood may be determined on samples obtained by direct puncture of the 
vessels. The average results obtained are as follows : oxygen capacity 20 c.c, 
(per 100 c.c.) ; arterial O 2 content 19 c.c. ; jugular venous O 2 content, 
12*8 c.c., arterial-venous oxygen difference 6*2 c.c. The venous blood leaving 
the brain is thus more extensively reduced than elsewhere in the resting body, 
t.e. about 65% saturated with oxygen instead of 76% as in mixed venous 
blood. If it is assumed that in any one normal person the oxygen consumption 
of the brain is constant, it follows that an increase in the A-V oxygen difference 
indicates a decreased brain blood flow : a decrease in the A-V difference 
indicates a rise in the blood flow. In abnormal brain states (e,g, epilepsy.) 
these assumptions may not hold good. 

(ii) Nitrous Oxide The subject breathes a mixture of 15% nitrous 

oxide in air for 10 minutes. During this period six samples of blood are taken 
at intervals from an artery and from the jugular venous bulb, and their 
nitrous oxide content is determined. After making a number of assumptions 
and employing, a complex formula a value is obtained which is claimed to be 
the cerebral blood flow. The average flow in normal people is 54 c.c. (±12) 
per 100 g. of brain per minute. If the brain weight is taken as 1400 g. the 
total cereb?:al blood flow is 750 c.c. (range 600-900) per minute, or one-seventh 
of the total cardiac output. As the arterio-venous oxygen difference is 
about 6*5 c.c.%, the total oxygen consumption of the brain is about 50> c.o. 
per minute or over 3*5 c.c./lOO g./min; The cerebral blood flow should be. 
compared with that of muscle, wliich at r^st is 1-4 c.c. and during violent 
exercise 30-40 c.c. per 100 g. per minute ; the cerebral blood flow per 100 g. 
thus substantially exceeds that of powerfully contracting muscle. The 
metabolic rate of nerve cells must be extraordinarily high. 

The cerebral blood flow is diminished by the following procedurea : 

(i) A fall of arterial blood pressure reflexly produced by carotid sinus, 
stimulation. 

(ii) Overventilation which lowers the artei;ial GOg tension; lack of* 
Cp 2 acts directly on the cerebral arterioles causing active constriction. 

(iii) A rise of intracranial pressure above 300 mm. H 2 O which mechanically 
compresses the cerefcal capillaries and veins. 

(iv) Inhalationi of 85-100% oxygen which reduces the flow by 15%. 

A rise in cerebral blood flow is produced : 

(i) By CO^ excess which acts directly on the cerebral vessels causing active 
dilatation, inhalation of 5-7% COg increases the cerebral blood flow by 

(ii) By oxygen lack : inhalation of 10% O 2 increases the flow by 35%. 

The cerebral and pial vessels, are supplied by sym'pathetic vasoconstrictor^ 

nerves. Direct observation of the exposed pial vessels in animals shows that 
stimulation of the peripheral end of the cervical sympathetic causes con- 
striction of the pial vessels, with or without a rise of blood pressure or of 
cerebrospinal fluid pressure ; the average reduction in the diameter observed 
is 7%. The vessels are moderately dilated after sympathectomy, or reflexly 
by stimulating the central end of the vagus* The purpose seiyved by the 
sympathetic innervation is not clear. The blood flow through the brain 
vari^ directly wUh the level of arterial bhod preseyre (e.g. it is marifi^y reduced 
^ Kety and SolLinidt, J. din, Invutig,, 1948, 27, 476 et »eg. 
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in A s^VAxe hiejnoyrliag^). As the skiili cavity is a closed inexpansible box, 
dilatation of the oerebfAl voasete oan nccnx o^y to the extent that cerebro- 
spinal fluid ip ex^lled ; pnch dilatation results from local changes in the 
chemical composition of the blood, e,g. COg excess, 0^ lack. The blood vessels 
axe directly eonetricted by CO 2 lack or Mgh Og pressure. A raised venous 
pressure mechanically impedes the outflow of blood from the brain. In 
disease, spasm of the cerebral vessels may occur from nervous or chemical 
causes. 

(5) CincujLATioj^, see p. 237, 

(6) Punii«?NABY OmcunATjojr.^— The pulmonary arterioles are few and 
contain little smooth muscle ; the corresponding capillaries and veins are 
very distensible. There is thus a low peripheral resistance in the pulmonary 
circulation ; the blood pressure in the right ventricle and pulmonary artery 
is correspondingly much Inwex than in the left ventricle and aorta. In man 
rijgbt ventricular preppure ip lS-30 mm. Eg systolic (average 25) and 0-2 nim. 
diastolic ; pulmonary a?rt^ry pressure is on an average 25 mm. systolic and 
S mm. diastoHc (Fig. 150) ; pulmonary capillary blood pressure, therefore, lies 
between 8 and 2 mm. Eg, which m far less than the plasma protein osmotic 
pressure (p, 15), The wi^ of the right yentiicle is much thinner than that of 
the left ventricle. 

Sympathetic fibres supply the media of the pulmonary arterioles; 
sympathetic srimulation causes constriction of these vessels, raising pulmonary 
artery pressure. The physiological significance of this nervous control is 
unknown* 

The time taken by a red nell to flow through the lungs at rest is 4r-6 sec, ; 
the time spent by a red cell in the capillaries is 0*7 sec. at rest and 0*3 sec. 
during exercise ; during this brief period gaseous pressure equilibrium is 
estabUshed between the alveolar air and the pulmonary capillary blood. 
The yolume of blood present in the lungs at any time is normally about 
10% of the totul blood yolume, e,g, 500 c,c. As the pulmonary ve^ls are 
so readily distended, they can accommodate larger volumes of blood without a 
significant rise of local blood pressure. An increase iu pulmonary blood volume 
always takes place at the expense of the air in the air-sacs, ■^us decreasing 
the vital capac^ (p, 362), For example, on passing from the standing Ofc 
sitting to the recuml^ut position the venous return and right heart output 
are increased, causing ‘‘ aptiye congestion ” of the lungs and a correspo ndin g 
decrease in the vital capacity. 

Pulmonary CiRCULaTroN ts Eissase, — ( i) K me lung is removed or 
completely by au artificial pneumothor^, there is usually no rise 

in pulmonary artery pressure b^ause the vessels in the normal lung become 
sufficiently distended to traiiBimt the larger blood flow through thcju with 
little increase in peripheral reristance. 

(U) In smpJiysfriui overdistension of the alveoli tends to compress and 
obstruct the yessels lymg in their walls ; similar effects may be produced by 
extensive pulmonary In advanced cases, as a result of the increased 

resistance pf the blood flow, the pulmonary artery pre^ure is raised to 45 
mm. Hg sy^iic) and the work of the right heart is correspondingly increased. 

(iii) lu mngi^we failwe {e^g, resulting from mifral stenosis) the 
left auricular pressure, and ther^ore pulmonjEucy venous pressure, rises, 
1 Connuuid, dftfd. Ifad., 1047, 27. 
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Finally the right ventricle may fail to empty itself completely and riglit 
ventricular diastolic, as well as systolic, pressures rise considerably (Fig. 150), 

Factors concerned in the development of pulmonary oedema are considered 
on p. 116. 

(7) Splanchnic Aeea and Skin. — These two regions constitute the 
major part of the peripheral resistance. Stimulation of the peripheral end 
of the splanchnic nerve produces a considerable rise of blood pressure [e,g, 
as much as 100 mm. Hg) owing to constriction of the vessels in the viscera. 
The rise of pressure is usually partly due to the simultaneous secretion of 
adrenaline (cf. p. 731). Conversely, splanchnic section causes marked 
vasodilatation in the viscera (Fig. 187, A, p. 315). 

The changes in the circulation in the human skin under various conditions 
are fully discussed on pp. 321 et s^. 

(8) Eenal Circulation. — This is fully discussed on pp. 24 et $eq, 

(9) Skeletal Muscle. — These arterioles receive both a vasoconstrictor 
and a vasodilator sympathetic innervation. Normally the tonic constrictor 
influence predominates ; thus blocking the sympathetic supply to the muscle 
vessels in man, increases the resting blood flow to a moderate extent, e.g. 
from 3 or 4 to about 8 c.o. per 100 c.c. of tissue. On heating the body not 
only is constrictor tone in the muscle vessels inhibited, but the vasodilators 
are also reflexly stimulated producing a greater blood flow than occurs after 
sympathetic nerve block (which puts both vasoconstrictors and vasodilators 
out of action). It is noteworthy that when fainting occurs as a result of a 
haemorrhage, the blood flow through the skeletal muscles is greatly increased 
in spite of the associated low level of arterial blood pressure ; sudden vaso- 
dilatation due to nervous impulses seems to be the causal factor (p. 84). 
Minute doses of adrenaline dilate muscle vessels ; larger doses may bfe 
constrictor. 

The principal factors controlling the calibre of the skeletal muscle Vessels 
are metabolites, i,e, the chemical products of muscular activity, or the 
substances released during ischaemia (p. 330). 

(10) Large Peripheral Vessels. — The descending aorta, the iliacs, and 
the subclavians are innervated from adjacent sympathetic ganglia. The 
more peripheral vessels (axillary, femoral, etc.) are supphed at intervals })'^ 
non-medullated postganglionic fibres which have travelled in adjacent nerve 
trunks and leave them to supply short lengths of the vessel wall. 

(11) Innervation and Functions op Veins, p. 318. 

(12) Innervation and Functions op Capillaries, pp. 17, 319. 

(13) Determination of the circulation time may throw light on the state of 
the peripheral circulation, both venous and arterial (p. 262). 

Vasodilator Nerves. — Vasodilator fibres are found as follows : 

(1) In the sympathetic nerves ^ : the sympathetic fibres to blood vessels are, 
of course, predominantly vasoconstrictor in character, but by special methods 
a certain number of dilator fibres can also be demonstrated, e.g, supplymg 
the muscle blood vessels in man (supra). 

(2) In the cranial and sacral autonomic : e.g. chorda tympani (p. 20), 
ninth nerve (p. 714), nervi erigentes (p. 712.) 

(3) Yasodilalor Fibres in the Dorsal Nerve Roots. — As is explained on 
p. 721, stimulation of the peripheral end of the cut dorsal nerve root produces 

1 Bum, Physiol. Rev., 1938, 18, 137. 
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vasodilatation in the corresponding segment of the body. Impulses pass to 
the skin causing a local release of histamine which produces its characteristic 
triple response of capillary dilatation, wheal, and arteriolar dilatation (flare) 
(p. 325) (Fig. 195). Other impulses pass to the muscle vessels releasing 
acetylcholine which causes vasodilatation. 

Heroes Zoster. — The above experiments explain the cutaneous pheno- 
mena of herjpes zoster. In this disease noxious influences, such as inflamma- 
tion, hsemorrhage, pressure, or poisons, act on the dorsal root ganglia or 
their cranial homologues. The lesions are equivalent to stimulation of the 
ganglia, and so dilatation and increased permeability of the blood vessels 
in the corresponding skin area occur. This leads to exudation of protein-rich 
fluid and formation of vesicles in groups along the distribution of the dorsal 
nerve roots or their cutaneous sensory branches. 

Factors influencing Vasomotor Centre, — (1) Higher Centres. — 
(i) A rise of blood pressure commonly occurs in emotional stress and in 



Fig, 180. — Effects of Overventilation on Blood Pressure. 

C»t. Blood presiure. At the flbret arrow, tiie animal was ventilated with pnie air at 
the rate of 160 times per mhwite. The blood preastire rapidly tails. At the 
second arrow, expired air (rich in CO*) was substituted. The blood pressure 
rises i^ain. (Bale and Evans, J. Physici.} 

anticipation of muscular exercise ; (ii) inhibition of the vasomotor centre 
may in part be responsible for fainting fits, e.g, in anaemic girls (vaso-vagal 
attack) (p. 271). Both effects are due to impulses from the higher centres to 
the vasomotor centre. 

The effects of stimulation of the Jiyj>othalamvs and cerebral cortex are 
discussed on pp. 716, 671. 

(2) Radiation from Respiratory Centre. — -During inspmation, im- 

pulses flow from the respiratory centre setting up increased activity of the 
vasomotor centre (pp. 303, 313) ; during expiration the discharge of the 
centre is diminished. . i 

(3) COg Tension. — The vasomotor centre can only function enectively 
in the presence of an adeguate CO^ tension. If an animal’s lungs are exces- 
sively ventilated with atmospheric air to lower the CO 2 tension in the alveolar 
air and consequently in the arterial blood, a considerable fall of blood pressure 
usually results ; this is principally due to inhibition of the vasomotor centre 
resulting in dilatation of the vessels in the splanchnic area (Fig.^ 180), The 
blood pressure can be restored and raised above normal by ventilating with 
air containing excess of CO 2 , thus restoring the CO 2 pressure in the arteri^ 
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blood. The iiihibitory and stimulating actions of COg on the vasomotor 
centre are partly direct ; in part, however, they are feflexly produced via 

the sino-aortic nerves from the 
chemoreceptors in the carotid 
and aortic bodies (p. 745). 

By means of perfusion experi- 
ments it can be shown that COg 
also adts directly on the arteriolar 
wall : a fdised 00^ tension relaxes 
drteHol^, a lowered OOg tension 
constricts arterioles (cf. p. 317). 
The peripheral effects are very 
evident m the shin. By its 

S * heral action, therefore, COg 
ices effects which are just 
the opposite of those it produces hy 
its centrai action. 

In man the central and peri- 
pheral effects of COg may neutral- 
ize one another to a considerable 
extent. Overventitation in man 
(which lowers thd COg tension) 
commonly produces no change in blood pressure ; the sMn vessels are 
constricted, and the skin becomes cold and pale (p. 40S). COg excess in 
man only raises the blood pressure after a considerable latent period and when 
the COg pressure is very high, e^g, 7% of an atmosphere (Hg* 18l). The 
skin becomes red and hot, i,e. vasodilatation takes place there, though 
vasoconstriction presumably occurs in the internal regions. 



Fig. 


181 i — ^Effect of CO 2 Excess on Human 
Blood Pressure and Pulse Rate. 

At ON, subject rebreathed &om a bag containing 16 Ii 
of a mixture of 96% O 2 and 6% CO 2 . At OFF, 
the subject ttras . again put on to air ; tiie final 
value Of CO 2 in the hag was 8*9%. (Wright.) 



Eio. 182 . — ^EjQfect of Acnte Anoxia on Human Blood PrCBBtute 
and Pulse Raiei 

To left Of first vertidal line » control readings. Bbt#een ON and OFF 
nitrogen was inhaled (cf. Figj 243). (After Schneider and Trueidell, 

Amer. J. Physiol) 

(4) Ox^aitir LiCtc.^O, eitciii i&S iiO feffedt oil the tftSbinotot eefitte. A 
severe decreasii in the oxygen tefisioii of the blood^ptodttoed ii AiitoatH by 
artificially ventilatiig the lings Vith aa iieft gae like ifitrOgei, oi by giving 
an oxygen-pooi* mlxttife'^^^stiflitilatea the vaeonioteif eentae (pattiy dlieetly, 





ROLE OF SlNO-AORTlC NERVES 311 

mainly via the sino-aortic nerves from the chemoreceptors), and 

may caiise a considerable rise of blood pressure. It must be remembered, 
however, that anoxia depresses the heart’s action : if the heart weakens 
markedly, no rise, or even a fall of pressure may occur. 

In rmn acute severe anoxia produces little rise of blood pressure, and most 
of that is emotional in origin (Fig. 182); After about one minute, with the 
onset of cyanosis, the pressure may fall, sometimes considerably, owing to 
the heart inuacle becoming depressed. Anoxia which develops gradually in 
man may lead to no change in arterial blood 
pressure before the onset of heart failure 
(Fig. 243). . 

CerAral Ancemia , — ^Acute complete cere- 
bral animhia (from occlusion of the carotid 
and vertebral arteries) may produce a huge 
rise of blood pressure in animals, partly 
reflexly from the collapsed carotid sinuses 
and partly directly because of COg accumula- 
tion and oxygen lack in the brain (Fig. 183).^ 

Some rise of blood pressure may occur 
clinically from cerebral anaemia due to raised 
intracranial pressure. 

Changes in the 'presmre in the cerebral 
vessels have no direct effect on the tone of 
the vasomotor centre. 

(5) Sinus and Aortic Nerves.— The 
afferents from the pressure receptors are 
principally responsible for stabilizing the 
blood pressure and preventing it from varying 
very much; they similarly maintain the 
resting heart rate within narrow limits. 

These sino-aortic nerves are normally carrying 
up a constant stream of afferent impulses 
which exert a tonic inhibitory influence on 
the vasomotor centre (cf. their action on 
heart rate, p. 272).^ The evidence is set out 
elsetvhete (p. 738) ; The main points only are referred to below. 

(i) Stimulation of the central end of the aortic or pus nerves usuaEy 
teflezly lowers the blood pressure, in part owing to mhibition of the vasomotor 
Centre with resulting vasodilatation. 

(ii) &&Mon of either pair of nerves raises the blood p^s^e (more 
especially if the other pair has previously been cut) mainly became of 
released Overactivity of the vasomotor centre and resulting vasoconstacrion. 
Deaemtion in stages leads to the development of chronic hypeHmswn (p. 744). 

(iii) Variations in carotid sinus pressure can be produced by occluding the 
carotid atteries or by appropriately planned perfusion experiments. A fall 
of carotid siims pfessure reflexly pfoduces vasoconstriction and a nse of 
blood ptesaure, while a rise of catotid sinus pressure reflexly produces vaso^ 
dilatatioa and a fall of blood pressure. 

1 The afieteat iiaptOsefe from the chijhoreeeptors set Mp by 0, lack or CO, excess also 
eflexly sUTnvlaie the vasomotor centre (see pp, 743, 746). 



Fig. 183. — Effect of Cerebral 
Ansemia on Blood Pressure. 


Ordinate: Arterial blood pressure In 
rntn. Hg.. Time in minutes. 

SintiB nerves intect; Vagi cnt. At first 
arrow (F on) clamp vertebral 
arteries ; at second, awow (C on) 
occlude both carotids. The immense 
rise of pressure which results is partly 
reflex and partly due to stimulation 
of the vasomotor centre by compleU 
ancffmia. At C off, release carotids 
and at F off, release vertebral 
arteries. (Wright, J. Phynol., 1930. 
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(iv) The high sensitivity of the sinus to internal pressure changes must 
be stressed ; a deviation of 10 mm. Hg is sufficient to cause a reflex response. 
Koch studied the reflex effect on blood pressure of raising the pressure in the 
isolated innervated carotid sinus from zero to various levels.^ The results 
are plotted, with the pressure in the sinus along the abscissa and the percentage 
fall of blood pressure on the ordinate (Fig. 184). An S-shaped curve is 
obtained. The main features are these : there is a threshold value for the 
sinus pressure below which no reflex is set up (this varies from 30 to 70 nun. 
Hg) ; at the other extreme there is a maximum effective pressure beyond 
which no additional response is obtained (this varies between 150 and 300 mm. 
Hg). The curve is steepest in the normal blood pressure range, and it is 
interesting to note that the actual turning-point, marked with — on the 
tracing, agrees closely with the normal average level of blood pressure in the 



PRESSURE IN CAROTID SINUS (mm.Hs) 

Fio. 184. — Carotid Sinus Pressure and Vascular Tone. 

The curves show the percentage fall of blood pressure (ordinate) produced by raising 
the pressure in the isolated carotid sinus (abscissa). Up to a point the higher 
the level of carotid sinus pressure the greater the reflex fall produced. The 
point marked with a — is the level of normal blood pressure for the species and 
is the region in which the most sensitive sinus reflexes are obtained. At 
higher sinus pressures progressively smaller reflex effects are obtained. 
l=monkey; 2=rabbit; 3=dog; 4=cat. (After Koch.) 

particular species studied : the value for the monkey is 85-95, the dog 
110—135, and for the cat 145 mm. Hg. Variations in sinus pressure on either 
side of this point cause the greatest reactions. In the intact animal, therefore, 
when the blood pressure tends to deviate from the normal, the receptors 
in the sinuses respond in a very sensitive manner, affect the bulbar 
centres appropriately, and rapidly restore the blood pressure to its usual 
level. 

The afferents arising in the aortic arch presumably act similarly. 

(6) Afferents from other Regions. — General or local vasomotor tone 
can be reflexly modified by afferent impulses from various parts of the body. 

(i) In animal experiments, stimulation of; the central end of a peripheral 
nerve (e.^. sciatic) with strong, rapidly interrupted currents reflexly raises 
the blood pressure ; through a certain range of stimuli, the greater the 
strength of stimulus the greater the rise of pressure. Weak or slowly inter- 

^ The other sthns nerve and both va^ were cnt to exclude cardiac and oomnensatory 
effects. ^ J 
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rupted currents produce a fall.^ The peripheral nerves thus contain both 
afferent 'pressor and afferent depressor fibres which respectively stimulate and 
inhibit the vasomotor centre. 

(ii) In man, a variety of vasomotor reflexes can be obtained. Thus 
(a) a sensory stimulus like a noise may reflexly constrict skin vessels and dilate 
muscle vessels (Fig. 185) ; (h) heat and cold applied to the skin respectively 
reflexly dilate and constrict the skin vessels, especially in the hands and 
feet (p. 327) ; (c) distension of the duodenum reflexly constricts the vessels 
in the toes and fingers (p. 762). 

Relation of Respiration to Blood Pressure.—In animal experiments 
it is common to flbad regular variations in the blood pressure with the phases 
of respiration, the pressure rising during inspiration and falling with expira- 
tion ; a similar relationship may sometimes be noted in man (Fig. 186), 
On the other hand, the opposite relationship may be found, or the blood 



Fig 186. — ^Reflex Dilatation of Mnsde Vessels in Man. (Grant and Pearson, 

8c%,f 1938, 3) 136.} 

Forearm (volume —600 c.c.) In plethysmograph ; a loud noise (at the arrows) 
reflexly increases forearm volume (vasodilatation). As the hand under 
the same conditions shows vasoconstriction it may be supposed that the 
sMn vessels constrict; as the forearm volume increases in spJte of 
cutaneous vasoconstriction, the muscle vessels have dilated. 


pressure may be unaffected by the phases of respiration. The reason for this 
variability is that conflicting factors are at work. 

During insfiraiion there is (i) irradiation of impulses from the respiratory 
centre to the vasomotor centre, increasing arteriolar tone (cf. p. 303) ; a deep 
inspiration in man, for example, produces notable constriction of the 
skm vessels (e.g. in the fingers) ; (ii) owing to the descent of the diaphragm 
and the greater negative pressure in the pleural cavity the venous return is 
increased, and the heart rate and output rise similarly. Th^ two factors 
tend to raise the blood pressure. On the other hand, during inspiration 
(iii) the negative pressure in the thorax is increased. This pulls on the walls 
of the thin capillaries and venules which surround the alveoli of the lung and 
increases the lumen of these vessels. As a result, some of the blood which 
is expelled by the right heart is held up in the lungs to fill the dilated vessels, 
and less therefore reaches the left heart. The left ventricular output is 
lessened, and this tends to lower the systemic blood pressme. . 

During expircaion the intrathoracic negative pressure is diminished ; the 
result is that some of the excess blood is squeezed out from the putaona^ 
bed. The left heart receives this blood in addition to the output of the nght 
heart, ten(i^ to raise the blood pressure ; but owing to the decrease in 
1 This rule does not apply to the afferent fibres in the vagus nerves (Kg. 475). 
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general venous return during expiration, less blood reaches the heart, the 
output is decreased, and the blood pressure tends to fall. 

It will be noted that in the main two conflicting factors are constantly 

at work : the changes in the 



capacity of the pulmonary bed 
tend to lower blood pressure 
in inspiration and raise it in 
expiration, while the vsnoiis 
return and heart rate alterations 
tend to produce exactly the 
reverse effects. It is not snr^ 
prising, therefore, to find that 
the effects of respiration vary 
in different species and with 
the exact type of breathkg 
employed. 

Relation of Adrenal MeduUa 
to Blood Preseure , — -This is fully 
considered on pp. Y24, 731 et seq. 

There is no evidence that 
any of the other ductless glands, 
e,g. the neural division of the 
pituitary (p. 46), play any 
part in normal blood pressure 
control. 

Regulation of the Normal 
Blood Pressure. — In the normal 
resting person the blood pressure 
is steadily maintained within , 
comparatively narrow limits. If 
one may so express it the normal 
level of pressure represents a 
compromise between a miinber 
of conflicting interests. It must 
be rernembered that, other things 
being equal, the blood flow 
through the brain will vary 
directly with the blood pressure. 
A pressure which is much belov^ 
normal is unable to drive an 
adequate amount of blood to 
the brain against the force of 
gravity. If the blood pressure 
is raised excessively, it serves no 
useful purpose and imposes an additional burden on the heart and a greater 
strain on ther blood vessel walls. The level of blood pressure also rfegulateS the 
Coronary blood flow (p. 237) and the rate of filtration in the glomeruli of the 
kidney (p. 25). The desired constcmcy of the blood pressure is attained mainly 
reflexly by the sino-aortic nerves {buffer Tierves), by means of the variable 
tonic inhibitory influence which the pressWe-fedeptor fibres eXert on the 


Fio. 186. — ^Variations in Blood Pressure with 
Phases of BeSpiration in Man. (Battro 
et td.f Arch, int, Med., 1944, 73^ 29.) 

A: quiet breathing. B: deep breathing. 

In both A and B the arterial blood pressure was recorded 
by tiaeans of an intra-arteriaZ cannula comnected with 
a membrane manometer, Time in B in 0*2 sec. 

B.P. values in B are in mm. Hg. In A the blood pressure 
is tnaximal at the end of (quiet) expiration and 
minimal at the ehd of (quiet) inspiration. In B with 
deep breathing the fluctuations are more marked ; 
BiP. is maximal at the end of inspiration and minimal 
at the end of expiration ; thus systolic B.P. varies 
between 140 and 170 mm., and diastolic between 95 
and 105, 
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cardiac and vasomotor centres and on adrenaline secretion. A rise of blood 
pressure at rest increases their inhibitory activity, a fall of blood pressure 
lessens it. 

The four sino-aortic nerves form a functioning entity ; their regulatory 
rdle in the body can be illustrated by many observations : 

(i) Occlusion of the carotid arteries produces a greater reflex rise of blood 
pressure after the aortic nerves have been cut and their restraining influence 
thus removed. 

(ii) The rise of blood pressure resulting from stimulation of the peripheral 
end of the splanchnic nerves is greater after cutting the sino-aortic nerves, 
although the initial blood pressure is higher. 

(iii) Stimulation of the central end of the aortic nerve in the rabbit 



Fio. 187. — ^Effects of SplaUchnio Nerve Section on Circulation. (Ktemer and Wright, 
Quart. J. eap. Physiol. ^ 1032.) 

k. Cat : Upper record, blood presstire. Lower record, spleen volume. Time tracing shows SO^second 
intervals. Aortic and sinus nerves intact. At the point marked by the arrows the right splanchnic 
nerve was divided. Inhere is a slight initial rise of blood pressure and splenic constricUda Owing to 
mechanical stimulation of the nerve. This is followed by marked dilatation of the spleen &om loss of 
vasoconstrictor tone. The blood pressure is unaltered owing to Uie compensatory effects set up 
roflexly by the pressure-receptor afferents in the dnus and aortic nervesi 
B* Cat : Blood pressure record. BofA vagi cut. Bight earotid dipped. At the first arrow (A) le|ft carotid 
occluded. Owing to the fkll of sinus pressure the BJP. rises markedly to 240 mm. Botii c^tid smuses 
are now out of action and the aortic nerves are, of course, divided. At the Second and thitd a^Ws 
(B, C) the right and left splanchnic nerves are Successively divided. Aft^ a taranfient initial rise 
(due io mechanical stimulation) the blood pressure rapidly and progressively declines. 

brings about a bigger fall of blood pressure and a more sustained slowing 
of the heart when the other buffer nerves have been divided ; the same is 
true of stimulation or distension of the carotid sinus. 

(iv) If the splanchnic nerves are cut, with the sino-aortic nerves intact, 
the fall of blood pressure, if it occurs at all, is slight, transient, and soon 
recovered from in spite of extensive dilatation of the abdominal^ vessels 
(Figi 187, A) ; this is due to reflex compensatory vasoconstriction in <fther 
pa^ of the body. If the sino-aortic nerves have been previously divided, 
splanchnic section produces a larger absolute and percentage fall of blood 

pressure (Fig. 187, B). . . , . j 

After hemorrhage it is found that section of the vagi may produce a 
farther fall of blood pressure as shown in Fig. 188. Such results were tiiou^t 
to indicate that in states of extreme hypotension afferent ptmor impulses 
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(2) By general drculatqry adj^tments,—lS the blood pressure is raised 
as a result of vasoconstriction limited to certain areas^ blood vessels in other 
zones become passively opened up by the higher pressure of the blood reaching 
them. Thus injection of adrenaline (p. 724) constricts the vessels in the 
splanchnic area and skin and raises the blood pressure ; the blood is thus 
diverted to the skeletal muscles and heart (where adrenaline also produces 
active dilatation of the vessels). The same type of adjustment occurs in 
muscular exercise, except that here in addition products of metabolism widely 
dilate the vessels in the skeletal muscles (p. 432). 

(3) By inhibition of vasoconstrictor tone, usually reflexly via the vasomotor 
centre. — Thus heating the body dilates the blood vessels in the limbs by 
inhibiting the discharge of the vasomotor centre (p. 327). 

(4) By heat acting directly on the vessel walls.— The skin vessels are thus 
opened up in hot weather; the 
temperature of active organs 
rises with a similar result 
(p. 327). 

(5) By chemical chcmges in the 
tissues, — Perfusion experiments 
show that a rise of GO^ tension 
or of ion concentrcution or 
oxygen lack directly dilates blood 
vessels. These agents may all 
come into action in secreting 
glands or contracting muscle. If 
muscle is made to bontfact 
anaerobically after poisoning with 
iodoacetic acid, though no CO 2 or 
H+ ions are liberated vasodilata- 
tion occurs ; this observation 
shows that non-add dilator sub- 
stances may be liberated during 
activity. Experiments on ischcemia followed by reactive hypermmia (p. 329) 
prove that when the blood supply to a tissue is cut off, the blood vessels 
locally dilate owing to the accumulation of certain products of tissue 
activity ; adenylic add and possibly histamine are among those chemically 
identified. These results suggest that a variety of products of tissue 
metabolism, called non-committally metabolites, are constantly formed at 
rest and appear in increased amounts as a resxdt of activity and adjust 
(by variations in their obBScentration) the calibre of the local blood vessels, 
and consequently the local blood fl.ow, at a level which is appropriate to the 
physiological state prevailing at the time. 

These principles are discussed in greater detail for salivary glands (p. 20), 
heart (p. 238), skeletal muscles in exercise (p. 432), and the skin during 
exposure to varying external temperatures (pp. 327 et seq,). 

Arterio-Venous Anastomoses.^ — In many tissues the arterioles and 
venules are directly connected by channels which are independent of the 
capillary network (Fig, 189) ; the muscular wall of these cross-connections 
is very thick and richly suppKed with vasomotor nerves. The anastomoses 
1 Qark, Physiol, Rev., 193S. 18, 229. 



B^g. 189. — ^Diagram showing an Arterio-Venous 
Anastomosis (Ava) linking up a Terminal 
Arteriole (A) with a Sm^ Venule (V) in 
the skin. Above is indicated the Capillaiy 
bed (Cap). (Le Gros dark, Tissues of the 
Body, Oxford, 1939.) 



318 


PHYSIOLOGY OF VEINS 


are particularly numerous in the skin, especially in the fingers in the region of 
the nail bed: they are opened up by heat, thus enabling a larger volume of blood 
to pass through these wide channels directly from the arteries to the veins ; 
the resulting increase in dermal blood flow facilitates heat loss. The reverse 
changes are produced by cold. The anastomoses probably account for the 
enormous changes of skin flow produced by alterations of temperature 
(Fig. 198, p. 327). Anatomoses are also found in the sex organs, e,g, between 
the arteries and the cavernous sinuses of the penis, and in the kidney, liver, 
spleen, and lungs. The maximum diameter of the anastomoses in different 
species is 50-390 //. 

Pathological arterio-venous anastomoses are established when an injury 

affects the walls of an adjacent 
artery and vein leading to a 
direct blood flow from the 
artery to the vein (p. 298). 

Physiology of Veins.^ 
The veins are innervated and 
theix calibre regulated in the 
same way as the arterioles. 
The sympathetic exerts a tonic 
constrictor influence on veins; 
sympathetic section leads to 
venodilatation in man. The 
veins constrict during vascular 
pressor reflexes and dilate 
during depressor reflexes ; Kg. 
190 illustrates contraO" 
tion of a human vein in re^ 
sponse to cold. The veins 
are constricted when the OOg 
tension in the medulla is raised. Asjthe veins contain so httle muscle tissue 
the changes in cahbre which they undergo under these (sonditions are small 

Venous Pressuee.^ — To estimate the venous pressure in man two main 
methods— the indirect and the direct — have been employed. The indirect 
methods consist in determining the external pressure necessary to produce 
collapse of a small superficial vein, or the pressure which just prevents refilling 
of a vein previously emptied by ‘‘ milking ’’ towards the heart. The direct 
methods consist in placing a manometer in communication with a vein by 
means of rubber tubing and a hollow needle of adequate bore. The veia 
usually chosen is the median basihe, at the bend of the elbow, 

(i) Normal values are 5-15 cm. H 2 O. Venous pressure is, of course, lower 
than capillary pressure, but the difference is small. 

(ii) Venous pressujpe does not necessarily follow changes in the pressure 
in the main arteries ; but if the arterioles are dilated locally, the general 
blood pressure is transmitted more completely to the veins and the pressure 
within them rises ; this is seen in the submaxiliary veins during secretory 
activity. 

<iii) The venous pressure is increased during exercise because the raised 

^ Fraaiklin, Veins, Springfield, 1937. Bnroh, Primer of Ven&us Pressure, 1950. 

* Bedford and Wright, Lamet, 1924, ii, 106. 
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Fio. 190. — Reflex Contraction of Veins in Man 
(Donpe et al., J, Physiol,, 1938, d2, 396.) 

An 8-cm. length of a wrist vein in man was exposed, blocked 
above and below, and needled ; the contained blood 
was replaced by saline and the needle connected with a 
pressure-recordlng apparatus. During the period 
indicated hy the sign^ line, cold was applied to the 
surface of the bod^. The vein refleuHy contracted as 
shown by the rise or intravenous pressure. 
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arterial pressure is. transmitted through the very dilated arterioles of the 
active muscles. 

(iv) Excessive h^^erpnoea may lower the venous pressure slightly. 

(v) A forced expiration with the glottis closed raises the venous pressure 
considerably, because the raised intrathoracic pressure compresses the venas 
cavae and this prevents the venous return into the chest. 

(vi) When congestive heart failure occurs the venous pressure rises, but 
not before obvious clinical evidence of venous engorgement is present, e.g, 
enlargement of the liver and distension of the cervical veins. In marked 
congestive failure the basilic vein pressure may be as high- as 30 or 35 cm. 
H 2 O (p* 111), The height of the venous pressure can be roughly determined 
by noting the height of the column of blood in the neck veins above heart 
level 

The control of the mncm return is discussed on p. 274. 


the capillaries, vascular responses of THE 

HUMAN SKINi 

The CUipillaries. — The capillaries are lined by thin, flattened, nucleated 
polygonal cells joined together by cement substance. Although the capillaries 
have no muscle coat they can actively modify their own calibre and respond 
to nervous, hormonal and other chemical and physical stimuli. The active 
variations in capillary calibre are attributed to alterations in the . state of the 
lining endothelial cells themselves ; when these swell the capiEary lumen is 
reduced. 

With the ekin microscope the capillaries of the human skin can be studied, 

at the root of the nail, where they run parallel to the surfac^i, and a con- 
siderable length of loop may be examined. Similar direct studies can be 
made in the S:og in the mesentery or web of the foot. 

IndependeJi.t Contractility of the Capillaries. — The capillaries can 
alter their calibre independently of the state of the arterioles or venules. 
When their tone is high they can resist the distending force of a raised venous 
or arteriolar pressure ; but when their tone is low they tend to follow passively 
changes in the arteries and veins. This can he shown by direct observation 
in man and lower animals ; it is also supported by much indirect evidence : 

(i) From skin colour and temperature (p. 321). 

(ii) From the action of adrenaline and post-pituitary extracts (p. 322). 

(in) From the triple response in human skin (p. 322), 

(iv) From the effects of injecting histamine in the cat (p. 337),^ 

(v) From the white line produced by lightly stroking human skin (p. 321). 

Frequently, however, calibre of the capillaries changes actively in 

the same direction as that of the arterioles and veins (e.jf. when heat is applied 
to a part, p. 327). 

Capillary Blood Pressure. Iotebchanges Between the Blood 
IN THE Capillaries and the Interstitial Fluid. Ltnph. — T hese subject 
are folly considered on pp. 16-21. 

^ I^wis, Blood Vessda of the Human Shin and their Besponsee, London, J927. Krogh, 
Anaiomp and Physiology of the OapiUories, New Haven, 2nd edn.» 1929. ItekkOP and 
Toffey, LymphaiicSt L^ph and Tissue Fhtid, Cambridge, Maa&.» 1941. 
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CAPILLARY TONE 


Importance of Capillary Tone.— Compared with the total number of 
capillaries present in a muscle, the number which normally contain blood is 
very small. Indian ink is injected into the vessels of a rMng muscle, tbe 
tissue fixed, and sections cut and studied : very few capillaries can be seen 
on examination, and most of these are very narrow. When the experiment 
is repeated with tetanized muscle, ten or more times as many capillaries are 
visible in any unit area, and they are all widely dilated (Fig. 191). Now 
capillaries contain no valves, so that when blood comes to a part, it must 

first fill the capillaries before it 
can pass on into the veins. Once 
it reaches the veins its return to 
the heart is relatively easy. The 
contractions of the skeletal 
muscles drive the blood on, and 
it cannot pass back owing to the 
presence of the valves. In the 
capillaries, however, muscular 
activity merely squeezes the blood 
from one capillary to another, 
and the blood returns in the 
intervals between the contrac- 
tions. If the capillaries all over 
the body relax (as after the 
injection of histamine, p. 337), 
they retain so much blood within 
them that after they have become 
filled very little blood is available 
to reach the veins. As a result 
the venous return falls, the out- 
put of the heart diminishes, and 
the brain and tissues generally 
suffer severely from oxygen lack 
owing to their impaired blood supply. Normal capillary tone is^ thus of 
extreme importance. In vigorous exercise the muscular capillaries, it is 
true, relax, and can retain a great deal more blood, but then the blood flow 
to the muscles is greatly increased partly by diminishing the lumen of the 
blood vessels in other regions of the body. 

Symj)aihetic fibres pass to the capillary wall and probably transmit tonic 
vasoconstrictor impulses from the vasomotor centre. In the main, however, 
capillary tone is controlled by local physical and chemical agencies. 

Control by Physico-Chemical Agencies. — (1) Metabolites. — During 
activity marked dilatation of the capillaries (and arterioles) takes place, as 
was noted above in the case of skeletal muscle. The dilatation is brought 
about by products of tissue activity, i.e. metabolites ; the factors at work 
may perhaps be the rise of COg tension or of H+ ion concentration or the 
appearance of some nonracid dilator substances. When the blood supply to 
a limb is cut off, the locally acting physiological dilator substances accumulate 
and are responsible for the vasodilatation, affecting capillaries and arterioles 
in both skin and muscle, which becomes evident when the circulation is 
reopened [reaclwe hyperwmia, p. 329). 
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Fig. 191. — Effect of Activity on Capillary Tone, 

Capillaries vitally injected with Indian ink. Transverse 
sections of muscle. Note increase in number and 
calibre of patent capillaries as a result of activity. 
Scale in /x. (Krogh, AruUomy and Physiology 
of CajfiMaries.) 
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VASCULAR RESPONSES OF SKIN 


When human skin is mjured, histamine is liberated and is responsible for 
the local vascular reaction. Other chemical agents may be released in 
damaged tissues elsewhere (e.g, in burns, p. 344). 

(2) Both adrenaline and post-pituitary extract on injection produce local 
capillary constriction. Rigid proof of this in man is given on p. 322. If post* 
pituitary extract is absorbed {e,g, following intramuscular injection), it pro- 
duces widespread capillary constriction especially of the face. (p. 46). There 
is no evidence that either hormone normally regulates capillary tone, 

(3) For effects of heat, cold, and light, see pp. 327 et seq, 

Vascul^^„^onsi^S_Ql„tibe._ S^ of Skin Coloto and 

Temperature. — The colour of the skin depends on the calibre of the surface 
capillaries, and of the sub- 
papillary venous plexuses 
(minute vessels ) ; when they 
are dilated and a consider- 
able blood flow takes place 
through them, the colour is 
red ; when the blood stag- 
nates in relaxed capillaries, 
the oxyhaemoglobin under- 
goes extensive reduction, 
and so the skin is blue ; 
when the capillaries are 
contracted, the skin is pale. 

The temperature of the skin, 
like that of any part, depends 
on the amount of blood 
ing through it, which in turn 
on the calibre of the 
The capillaries 
thus regulate the amount of 
blood which is present in a 
part at any moment, and the arterioles the amount passing through the region 
during any given period. In warm weather the skin is warm and the colour 
is pale or red. A warm red skin indicates that both the arterioles and the 
capillaries are relaxed. A warm pale skin must mean dilated arterioles and 
constricted capillaries. In cold weather the skin is cold and the colour is 
white, red, or blue. Cold pale skin means that both arterioles and capillaries 
are constricted. A cold blue or red skia means constricted arteries and 
dilated capillaries. The above observations prove that the capillaries in 
part can and do actively regulate their own calibre. 

White Line. — If the skin on the front of the abdomen or forearm is 
stroked quite lightly, a white line normally appears which is exactly limited 
to the area of skin stimulated, and is quite sharply outlined (Fig. 192). The 
line appears after a latent period, persists for a minute or two, and then 
graduaUy fades. The white line is due to local active capillary contraction.^ 
The evidence is as follows : 

(i) Each arteriole supplies an irregular area of skin, so that the local 
anaemia which results from its contraction would similarly be irregular 
^ Cotton, Slade, and Lewis, Heart, 1917, 6, 227. 
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in outline and not follow strictly the line of the stroke as does the white 
line. ' 

(ii) If the pressure in a cuff round the arm is rapidly raised to well above 
the arterial blood pressure {i.e. to 200 mm. Hg), the white line can still be 
obtained by stroking the skin of the forearm, and its time relations are similar 
to those in a part in which the circulation is unoccluded. The same holds 
true even if an interval of 10 minutes is allowed to elapse after applying the 
armlet. The effect of compressing the arm in this experiment is to stop the 
flow in the vessels distal to the block. In such a system, constriction of 
the arterioles would drive blood out of them into the capillaries and dilate the 
latter still further, as their contents cannot pass on in the normal way, owing 

to the obstruction to the natural out- 
flow from the veins. The blanching 
of the skin, which is produced by 
stroking, must therefore be due to 
the contraction of the capillary wall, 
which actively drives the blood out 
into the neighbouring veins. This is 
confirmed by microscopic examination 
of the skin vessels. 

(iii) The white line can be elicited 
after all the nerve fibres to the skin 
have degenerated, proving that it is a 
direct local response of the capillary 
wall to external stimulation. 

Action of Hormones. — If adrenaline 
or post-pituitary extract is injected into 
the forearm skin after the circulation 
to the part has been arrested, it also 
causes local blanching, proving that 
these drugs produce active capillary 
contraction.^ 

Contractile Power and Resistance 
of Capillary Wall. — It can be shown 
that the maximum pressure which 
the capillary wall can exert on its contents when it contracts is 40-60 mm. 
Hg. If the pressure in a cuff surrounding the arm is raised to this figure, the 
venous pressure below the cuff rises to just above this level ; the capillary 
pressure in the forearm skin must therefore be of a higher order (p. 17). If, 
under these conditions, adrenaline is injected into the forearm skin it still 
causes blanching. If the capillaries are first constricted by adrenaline, and 
the venous pressure is subsequently raised by obstructing the outflow of 
blood from the limb, they can resist a distending force in the veins of 
80-100 mm. Hg ; i.e. the resistance of a closed capillary is greater than the 
maximum pressure which it can exert on its contents when it contracts. 

The Triple Response, — In subjects with more sensitive skins, or when 
heavier stroking is employed, a triple response may be obtained. 

(1) Kbd Line. — ^After a short latency a red line develops which it 
sharply defined (Fig. 193) ; it is first bright red in colour, but gradually 

1 Lewis, Heart, 1924, 11, 109. 



Fig. 193. — Red Line produced by Scratch- 
ing the Skin. (Krogh, Armtomy and 
Physiology of the Capillaries.) 
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assumes a bluish tinge, indicating that the blood is stagnant and that 
its haemoglobin is therefore undergoing excessive reduction. Using the 
criteria described above, the red line can be 
shown to be due to capillary dilatation ; it also 
can be produced after the local nerve supply 
has degenerated.^ 

(2) Flare. — In sensitive subjects, after a 
further interval of 15-30 seconds, a widespread 
flush or flare appears (Fig. 194) which is prim- 
arily the result of arteriolar dilatation : 

(i) The flare spreads for a variable distance 
from the area stimulated, is mottled in colour 
from alternating islets of hypersemia and of 
normal skin, and the edge is crenated, as would 
be expected from the manner in which the 
arterioles are distributed to the skin. 

(ii) The colour is red throughout and does not 

tend to become purple from oxygen deficiency, Fig. 194.— Red Line and Flaxe 
proving that rapid flow of blood is occurring. in response to Scratcliing of 

(iii) The temperature of the skin over the 
flare rises by 0-5-2° C. as a result of the 
increased blood flow. 

The flare depends on an intact nerve mpphj to the skin ; it is abolished 
when the local nerve fibres have degenerated. It is still obtained if conduction 
in the sensory nerves leading from the part is blocked by an injection of 
procaine into the nerve trunk ; the reaction is therefore not a reflex through 

1 aR.G. 




Fig. 195. — Antidromic Vasodilators in Dorsal Nerve Roots, Axon-Reflex in 
the Skin and Mechanism of Flare. (Cf. p. 721.) 

D.E.G.= Dorsal root ganglion ; B.V.=* Cutaneous blood vessel. 


the central nervous system, but results from a local axon reflex (Fig. 195), 
i,e, a response which depends on the branching of nerve fibres in the skin. 
As will be shown later (p. 325) scratching the skin liberates histamine 
which stimulates local nerve endings ; impulses pass up the afferent nerve 

^ The red line is identical with the “ tache c^i^brale ” foond commonly in meningiiis 
but long recognized as having no diagnostio significance. 



324 


TRIPLE RESPONSE 


A and along its brancli C to dilate local arterioles giving rise to the flare.” 
Histamine injected into the skin acts similarly. 

(3) Wheal. — In susceptible subjects a wheal develops on the site of the 
red line (Fig. 196). It reaches its maximum height in about 5 minutes, and 
may project 1--2 mm. above the general surface of the skin. It is due to 
increased permeability of the minute vessels, which permits the escape of fluid, 
closely resembling plasma in composition, into the tissue spaces. The fluid 



Fig. 196. —Urticaria Factitia in member of British Merchant Navy. 

(From a photograph by Dr. B. S. Kent.) 

Besponse to light stroking of skin in sensitive subject (cf. p. 110) ; note whealing. 


contains 4-5% of protein, and clots on standing. As the wheal increases in 
size it gradually becomes paler owing to compression of the minute vessels. 
A marked arteriolar flush must be present if effective whealing is to occur, 
because a rich blood supply is needed to provide the necessary large volume 
of fluid. The wheal is not due primarily to increased intracapiUary pressure, 
for if the arm is compressed to produce venous congestion the wheals formed 
are smaller, owing to the diminished blood flow, in spite of the fact that the 
capillary pressure is raised. If trypan blue is injected intravenously into a 
normal person it does not escape into the tissue spaces, but it does pass into 
a wheal while it is forming owing to increased capillary permeability. 
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Triple Response prom Histamine. — If histamine (even in dilutions of 
1 in 3000) is injected into the skin it produces a typical triple response : 

(1) Local dilatation of the capillaries and ventdes by direct action. 

(ii) Widespread dilatation of surrounding arterioles from a local axon 
reflex. The histamine stimulates local afferent nerve endings ; impulses 
pass up the cutaneous afferent nerve (A, Fig. 195) which branch to give 
collaterals (C, Fig. 195) to supply dilator fibres to neighbouring arterioles. 
The vasodilators concerned are the same as those which come into action 
when the peripheral end of a dorsal nerve root is stimulated (p. 308). 

(iii) Local increased permeability of the walls of the minute vessels, 
increased exudation of fluid and wheal formation. If the skin is firmly 
stroked and simultaneously a histamine solution is inoculated, a similar 
‘‘ triple response ” develops in each case ; the responses have exactly the 
same time relations as regards onset and disappearance. The above observa- 
tions suggest that the triple response elicited by heavy stroking may be due 
to the heal release in the shin of histamine or some dosely related substance 
(“ E ^'-substance). 

Evidence for “ H ’’-Substance. — (1) Many agents can produce the 
triple response : pricking, scratching, freezing, or burning the skin, the 
passage of strong electric currents, the inoculation of irritants such as 5% 
HCl, 5% NaOH, 1% morphine, 2% atropine, cantharides, peptone ; fish 
extracts, flea and gnat bites in susceptible subjects ; alcoholic extracts of 
skin, liver, and lung. Many dissimilar agents — all of which injure the tissue — 
thus produce the same complex vascular response ; the simplest explanation 
of tins uniformity of action is that they all release the sdyne chemical 
substance in the skin, and it is the latter which sets up the triple 
response.^ 

(2) If histamine is punctured into the skin, a vivid flare develops as stated , 
which fades to a considerable extent after 10 minutes. The blood supply to 
one arm is obstructed, a histamine solution is inoculated, the occlusion of 
the vessels is kept up for 11 minutes and is then released. The control 
arm is similarly treated, except that the histamine is inoculated 1 minute 
before the vessels are released. On release of the circulation the skin of 
both arms becomes uniformly red {reactive hyperoemia (p. 329)), but this 
redness rapidly fades, except in the regions where the histamine was injected. 
As soon as the histamine flares are visible their outlines are marked out in 
ink, and again at suitable intervals as fading takes place (Fig. 197). It is 
found that the fading in the two arms occurs simultaneously. The conclusion 
is drawn that when histamine is injected into skin in which the cicculation 
is arrested it is retained imchanged in the skin for the full period of occlusion 
and produces its full effects as soon as the circulation is released. 

(3) On the basis of these findings a crucial experiment can now be per- 
formed. The observations described are repeated, but instead of inoculating 
histamine', the skin of a sensitive subject is firmly stroked; exactly the 
same results are obtained as with the histamine injections, t.e. the flare 
develops and fades in the same way in both arms when the circulation is 
released. The experiment proves that the mechanical stimulus itself does 
not reflexly produce the flare, because if that were the case, during the 10 

^ It is interesting to note that a iiettle sting actually contains both histamine and 
acetylcholine. 
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miniites of vascular occlusion which followed the application of one of the 
stimulij these effects should have passed away. One must conclude that 
the mechanical stimulus causes the release of some chemical substance which 
behaves exactly like histamine ; it is retained intact in the skin during the 
period of circulatory arrest and produces its effects as soon as the circulation 
is released. 

The evidence so far given may be summarized thus : 

(i) A large number of agents which injure the tissues elicit the “ triple 
response.’’ 

(ii) The flare ” response to heavy stroking develops in a normal manner 
after 10 minutes of circulatory arrest, suggesting that a chemical agent acts 
as an intermediary. 

(iii) Responses which are identical in all respects can be obtained by 


.4(5) 

11 ( 12 ) 
26 (26) 


31 (32) 


gone 72(73) gone 72(82) 

Fig. 197. — Effect of Period of Vascular Occlusion on Flare Response to Injection of 
Bastamine in Normal Subject. 

Left outUne corresponds to left arm area, right outline to symmetrical right arm area of skin. The vessels 
of both arms were occluded. A group of three histamine punctures (1/3000 solution) was put down 
on the right forearm 1 minute after occlusion, on the left forearm 10 minutes after occlusion. The 
circulatory arrest was continued in each case to the 11th minute, when both arms were released. 
The outlines of the flares aroused by the stimuli were drawn at the times in minutes after release of 
vessels noted in figures against the corresponding contours. Numbers in brackets represent corre- 
sponding times elapsing after stimuli were laid down ; («.g. 4 (14) means outline 4 minutes after release 
of circulation and 14 minutes after puncture was performed). Position of punctures shown as 
dots. (Lewis, Blood Feseete of Euman Skin and their Responses,) 

inoculating histamine in high dilution into the skin. There is little doubt 
therefore that some agent with a histamine-like action (“ H ’’-substance) is 
released when the skin is injured. 

(4:) That this “ H ’’-substance is actually histamine itself is suggested by 
the following observations. 

(i) Histamine can be demonstrated in extracts of human epidermis. 

(ii) The back of a susceptible subject is extensively and severely stroked 
till a large wheal develops. Under these circumstances the “ H ’’-substance 
might be expected to be formed in such amounts that some might get into 
the circulation and produce effects at a distance. It is found that flushing and 
rise of temperature of the skin of the face occur like those which follow a 
subcutaneous injection of 0*06 mg. of histamine (p. 337) ; even stimulation 
of the secretion of gastric juice may result (p. 338). 

The physiology of histamine is fuUy discussed on pp. 335 et seq. 
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Effect of Heat.— -(1) Local 
Effects. — If the arm is plunged into 
a bath of water at 40°-45® C., marked 
reddening of the skin takes place owing 
to dilatation of the minute vessels. 
The response is brought about in the 
following ways : 

(1) By the direct action of the rise 
of temperature on the capillaries and 
the release of “ H ’’-substance. 

(ii) In addition, reflex dilatation of 
the limb arterioles and veins takes 
place, which leads to an increased 
blood flow through the skin. 

(iii) At still higher temperatures a 
typical flare, wheal, and blister are 
produced owing to the formation of 
large amounts of the “ H ’’-substance. 

If the vessels of an organ are 
irrigated with saline at 42° C., the 
dilatation affects first the capillaries 
and later the arterioles ; similar changes 
probably occur during tissue activity 
when the temperature of the active 
organ rises. As pointed out on p. 18, 
local heating produces a marked rise 
of capillary pressure in the skin. 

(2) Eemote Effects. — Heat 
applied, e.g. to the legs, produces dilata- 
tion of skin blood vessels elsewhere, 
especially in the face and hands. The 
effect is mainly due to the warmed 
blood acting directly on the vasomotor 
centre inhibiting its “ tonic ” vasocon- 
strictor discharge. [A similar effect is 
produced by introducing warm water 
into the stomach (where the tempera- 
ture nerve endings are few).] But as 
the remote vasodilatation still occurs 
though to a smaller extent after occlud- 
ing the blood vessels of the heated limb 
(to prevent the heated blood from 
entering the general circulation) a reflex 
effect from temperature nerve endings 
is also involved. 

Fig. 198 shows the effects on the 
finger circulation produced by plunging 
both legs into water at 45° C. : there 
is a rise of blood temperature as shown 
by the increase in rectal temperature ; 



(Wilkins ef aZ., Clin. Sci., 1938,3,407.) 

Records from above downwards : rectal 
temperature (®C.); temperature of sldn 
of finger ("C.) and room temperature ("C.) ; 
finger blood flow (c.c./ten c.c. of finger 
volume minute). 

At the first arrow the legs were immersed in 
water at 45* C. Rectal temperature goes 
up (from 37* to 37*4® C.). Temperature 
of tip of right forefinger (Fioger Temp.) 
and blood flow in right middle finger both 
increase markedly (cf. Fig. 217). 

At the second arrow the legs were immersed in 
water at 20* C. Finger temperature and 
blood flow and rectal temperature all fall. 
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the skin arterioles dilate as shown by the increased local temperature and 
local blood flow. Muscle blood flow, however, is unaltered. 

Effect of Cold. — (1) Local Effects. — Cold produces complex effects : 

(1) There may be slight pallor of the skin with arteriolar and capillary 
constriction ; this is best seen when skin feadened by warmth is plunged into 
colder water. Whitening of the skin from cold is abnormal, and its production 
is not fully understood. 

(ii) If the hand is immersed into very cold water (5®“10° C.) for 5-10 
minutes, the skin becomes a bright red colour which is indistinguishable from 
that produced at a temperature of 45° C. The arterioles are contracted but 
the minute vessels are dilated. One would have expected cyanosis to develop 
(cf. (iii)). At temperatures under 10° C., however, oxyhsemoglobin undergoes 
very little dissociation, and the oxidative activities of the tissues are also 
very depressed, so that in spite of the inadequate and very slow blood flo'w 
through the part, the hasmoglobin is not sujBSciently reduced to give a dark 
tint to the blood. 

(iii) At skdn temperatures of 20°-25° C. cyanosis may develop. The 
vascular changes are similar to those described in (ii) ; one must presume 
that at this critical temperature the blood flow is reduced more than the 
oxygep. utilization by the tissues ; consequently the oxyhsemoglobin undergoes 
extensive reduction and a dusky colour appears. , 

(iv) Freezing the skin results in extensive cellular damage and liberation 
of ‘‘ H ’’-substance with the usual triple response. 

(2) Eemote Effects. — Cold applied to a part (e,g. the leg) produces 
remote effects as well (e.^. in the fingers (Fig* 198)). The vasomotor centre is 
stimulated both directly by the cooled blood reaching it and chiefly reflesJy 
by afferent impulses from the cooled area. The resulting vasoconstriction 
(especially in the hands and feet) may lead to a rise of blood pressure ; (the 
latter change is measured in the cold pressor test ; the blood flow through 
muscles is unchanged. 

Action of Light. — Exposure of the skin to strong light produces, as is 
well known, an erythema. Finsen exposed the skin to the rays from a 40,000 
candle-power lamp ; after twenty minutes the whole area became uniformly 
red. This erythema is due to the effect of the heat, and diminishes in 2 hours. 
After 3 hours, erythema due to light appears, reaches its maximum in 12 
hours, and decreases after 2 days. The redness is associated with capillary 
dilatation and stasis. If the skin is previously covered with a glass plate, 
which keeps back the ultra-violet rays, the delayed erythema is not obtained ; 
on the other hand, rock crystal, which allows these rays to pass through, 
affords no protection. Light erythema is thus due to ultra-violet rays, 
Lewis suggests that ultra-violet rays act by causing a slow release of 
the ‘‘ H substance in the skin. The visible spectrum, however, can also 

1 Cold pressor test, — ^The rise of blood pressure (mainly reflex in origin) produced by cold 
is determined as follows. The subject rests in the supine position for 20^60 minutes in a 
quiet room so that his blood pressure falls to basal level ; a cuff is wrapped round one arm. 
One hand is dipped into iced water (at 4® C.) to a point just above the wrist ; the blood 
pressure is read at 30 and 60 seconds. The hand is removed from the water and blood 
pressure readings taken every 2 minutes till the basal level is regained!. In normal 
subjects the maximal rise ocqurs after 30 seconds and the rise is over in 2 minutes. A rise 
of more than 20 mm. Hg systolic or 15 mm. Hg diastolic is regarded an excessive reaction 
and suggests that the subject’s vasomotor reflexes are exaggerated. 
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act on the capillaries if it is employed in sufficient concentration and for a 
long enough time. The erythema in Finsen’s experiment disappeared in 
10 days and was followed by pigmentation and desquamation. The effect on 
the capillaries, however, was of an enduring nature, as shown by the fact that 
when 6 months later the skin -of the arm was rubbed, the areas which had 
been exposed in the experiment became redder than the other parts of the 
skin. 

Reactive Hypersemia, — The circulation to a limb is completely obstructed 
for a period of, say, 5 minutes by means of a suitably inflated blood pressure 
cuff. The obstruction is then removed. Within a few seconds the skin distal 
to the block flushes brightly, attaining its maximum colour at once, and 
becomes hotter ; the volume of the pulse is increased owing to lowered local 
diastolic pressure and consequently greater pulse pressure. The cutaneous 
hypersemia declines after 20-30 seconds, and is gone in a few minutes. The 
blood flow changes can be studied quantitatively by means of venous 
occlusion plethysmography (p. 305). Fig. 199 shows that after 5 minutes’ 
ischaemia there is an increase in the forearm blood flow from a basal level of 



Fig. 199. — Changes in Muscle Blood Flow from Exercise and Ischamia. Forearm blood 
flow before and after 4 minutes’ continuous exercise (continuous line) and 5 minutes’ 
ischaemia (broken line). Time in minutes after end of ischaemia or exercise. The 
dilator response to ischaemia is greater but more transient. (Grant, Clin^ Sci^, 
1938, 3, 170.) 

2 c.c. to about 38 c.c. per 100 c.c. per minute. This enormous increase is due 
mainly to dilatation of muscle vessels. The duration of the occlusion deter- 
mines the degree of resulting hypersemia ; occlusion for 0*5, 1*5, 5, and 15 
minutes respectively increased the blood flow in an arm (per 100 c.c.) from 
1 c.c. to 3, 7, 10, and 12 c.c. per minute (Fig. 200). 

During reactive hypersemia a large increase also occurs in the cutstneous 
blood flow as can be inferred from the. rise of skin temperature ; it can be 
conveniently measured in studies on the hand which consists mainly of skm. 
The vessels concerned in reactive hypersemia are (i) the capillaries which 
II* 
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dilate, accounting for the flushing of the skin, and (ii) the arterioles which 
dilate, accounting for the increased blood flow and pulse volume and the 
local rise of temperature. These changes are probably due to the accumula- 
tion during occlusion of dilator metabolites, known or unknown. We may 
go soine way towards identifying the agents concerned. If a limb is made 
ischsemic in animals by bloclang the arterial supply, the venous outflow on 
releasing the circulation is said to contain an excessive amount of members 



'/^sec 

Fig. 200. — Effect of Duration of Occlusion on Arm Blood Flow during Reactive Hyper- 
aemia. (Lewis and Grant, Hearty 1926, 12.) 

Arm volume records of normal human subject taken with a plethysmograph. Two cuffs are placed on the 
upper arm (above the plethysmograph), one above the other ; the upper is connected with a reservoir 
standing at a pressure of 350 mm. Hg and is used to occlude the circulation completely. The pressure 
in the lower armlet is raised to 70 mm., i.e. well above the normal venous pressure. Occmsion is 
maintained for 1, 5, and 15 minutes respectively, as shown in the records in the Fig. At “ Mease *' 
(indicated by the arrow) the pressure in the upper armlet is abruptly released. Arterial blood at once 
begins to flow into the limb, but the venous outflow is prevented by the lower pressure cuff. The 
subsequent increase in the volume of the limb (rise of the curve) is a measure of the rate of arterial 
inflow into the limb. It is compared with the lowest curve (normal) in which the upper (“ occluding ”) 
cuff was not inflated and the pressure was raised only in the lower (“ collecting ") cuff. The difference 
in ascent of the control and experimental curves is a measure of the vasodilatation taking place. The 
absolvU rates of inflow (in c.c, per minute) were : control 4 ; experimental 16, 34, 49, and 65. The 
arm volume was 460 c.c. 


of the adenosirie group and sometimes histamine ; these, and local acidity, 
may be the main agents concerned.^ These substances are possibly 
normally concerned with regulating the calibre of arterioles and capillaries 
(pp. 317, 320). 

Ischsemia lasting for 10 minutes produces a greater degree of hypersemia 
of a limb than does soaking it in water at 43° C. for half an hour. Reactive 
hypersemia also follows venous obstruction. 


FGETAL CIRCULATION. PATENT DUCTUS ARTERIOSUS 

Foetal Circulation.^ — The peculiarities of the fcetal circulation may be 
related to two fundamental facts : 

(i) The functioning fcetal lung ’’ is the placenta, which is situated on 
the systemic circulation ; the umbilical artery thus corresponds to the 

^ These dilator agents may also be responsible for promoting the establishment of a 
ocUateral circulation when the obstruction is of a lasting character. 

* Barclay et al., Fcetal OirctUation, Oxford, 1944. Barcroft, Researches on Prenatal 
Life, Oxford, 1946. 
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postnatal pulmonary artery, and tlie umbilical vein (which brings oxygenated 
blood to the foetus) corresponds to the pulmonary veins. 

(ii) It is necessary to supply blood at the highest possible oxygen pressure 
to the foetal brain. To achieve this end the arterialized ” umbilical vein 
blood, mix ed with the comparatively small venous return from the lower 
half of the body, passes along the inferior vena cava to the right auricle 
whence it is mainly diverted via the patent foramen ovale \via smistral into 



Fig. 201. — Schema of Foetal Circulation. (Diagram drawn 
by Prof. David Slome.) 

D V*. -ductus venosus DJL. -ductus arteriosus; PA. -pulmonary artery ; P.V. -pulmonary vein. 

the left auricle. This blood, which is reasonably weU oxygenated, passes 
into the left ventricle, the aorta, and, via its proximal branches, to the head 
and arms. 

(iii) As the fcetus, in utero, does not breathe, the whole of the output of 
the right ventricle is not sent to the lungs ; most of it is diverted via the 
patent ductus arteriosus to the aorta. 

The details of the foetal circulation are as follows ^ (Mg. 201) : 

(1) The oxygenated blood from the placenta travels in the umbilical vein 
to the liver. There, part of the blood goes via the dwstu^ venosm directly 

The account is based mainly on studies of the circulation in the living sheep fcetus 
but in essentials the description probably applies also to the human fcetus. 
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to the inferior vena cava ; the rest is distributed to the left two-thirds of 
the liver by offshoots of the umbilical vein ; the right one-third of the liver 
receives the blood from the portal vein. The non-ductus blood leaves the 
liver in the hepatic veins. The inferior vena cava thus receives : 

(i) oxygenated blood via the ductus venosus, 

(ii) less oxygenated blood via the hepatic veins, 

(iii) very reduced blood from the hind part of the body. 

(2) In the right auricle, the inferior caval blood is divided into two 
streams, a large left and a small right one. 

(i) The large left stream which consists mainly of oxygenated ductus 
venosus blood, passes through the foramen ovale [via sinistra] into the left 
auricle ; there it is joined by a small volume of reduced pulmonary venous 
blood. The left auricle discharges into the left ventricle which expels its 
(oxygenated) blood into the aorta, whence it passes mainly to the coronaries 
and via the carotids to the brain ; it also goes via the subclavians to the 
arms. 

(ii) The small right stream is joined by the very reduced blood from the 
superior vena cava and the coronary sinus. It is discharged from the right 
auricle into the right ventricle and thence into the pulmonary arteries. Most 
of the blood is diverted via the ductus arteriosus into the aorta ; the smaller 
residue flows through the lungs. At their point of union the ductus arteriosus 
and aortic arch are approximately of equal diameter. 

(3) Beyond its jun<?tion with the ductus arteriosus the aorta contains a 
mixture of blood, most of it reduced, which has entered via the ductus 
arteriosus ; the balance is oxygenated blood which has flown on from the 
more proximal part of the aortic arch. This mixed aortic blood which is 
poorly oxygenated is supplied to the distal parts of the body (abdominal 
viscera, body wall and hind limbs). 

Circulatory Changes at Birth. — During, or shortly after, birth im- 
portant circulatory changes take place. 

(1) Closure of the Umbilical Vessels, — This occurs as a result of active 
contraction of the smooth muscle coat of these vessels ; the nature of the 
stimulus is not known, but it is not nervous as the umbilical vessels are devoid 
of a nerve supply. If the vessels are torn across the mechanical stimulus 
promotes a powerful contraction of the vessel walls. During the time that 
elapses between birth and the closure of the umbilical vessels, the greater 
part of the blood in the cord and placenta is transferred to the child. The 
cord should not be tied until pulsation in it has ceased so as not to deprive 
the infant of this extra supply of blood. With the cessation of the venous 
return along the umbilical vein the volume of the liver and spleen falls ; the 
portal vein blood now supplies the whole liver instead of one third only. 
The smooth muscle sphincter at the junction of the ductus venosus and the 
umbilical vein contracts and prevents any backflow of venous blood into the 
umbilical vein. 

(2) The foramen ovale [via sinistra] is closed owing to the folding up and 
apposition of its valve. This closure follows the onset of respiration and 
always precedes the closure 'of the ductus arteriosus. 

(3) The ductus arteriosus closes by contraction of its thick muscle coat 
a few minutes after breathing has commenced. This response is the result 
of oxygenation of the blood and not of gaseous distension of the lungs. 
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Closure does not occur if tiie lungs are inflated witli nitrogen, but it does 
occur if oxygen is injected intravenously ; nerve stimulation (of vagus or 
sympatbetic) bas no effect on tbe ductus. Later tbe vessel becomes fibrosed 
and permanently obliterated ; should normal closure fail to occur (for 
unknown reasons) tbe condition of patent ductus arteriosus results. 

Circulation in Cases of Patent Ductus Arteriosus.^ — (i) As after birtb 
tbe aortic blood pressure far exceeds tbe pulmonary, tbe direction of flow in 
tbe patent ductus arteriosus is from tbe aorta to tbe pulmonary artery {i.e. 
tbe reverse of tbat in tbe fcetus), A proportion (often more tban balf) of tbe 
left ventricular output is sbunted into tbe pulmonary circulation. The 
effects on the systemic circulation resemble closely tbe findings in a case 
of gross arterio-venous aneurysm, and to a considerable extent those in 
aortic regurgitation (p. 298). 

(ii) Tbe following data illustrate quantitatively what may occur : tbe 
venous return from tbe periphery {“ peripheral blood flow is 6 litres per 



Fig. 202. — Cfirculation in Patent Ductus Arteriosus. (After 
Eppinger, Burwell, and Gross, J. din, Investig,, 1941, 20, 128.) 


minute ; this volume of mixed venous blood is received by tbe right auricle 
and pumped out by the right ventricle into tbe pulmonary artery. Through 
tbe ductus tbe pulmonary artery receives say 12 btres per minute of almost 
fully oxygenated arterial blood from tbe aorta. Tbe total blood flow through 
tbe lungs is thus 18 litres per minute ; tbe aortic “ shunt ” blood undergoes 
no further change in tbe lungs, where tbe mixed venous blood (from tbe right 
ventricle) is oxygenated in the usual way. Judging from animal experiments 
in which a comparable condition can be established by anastomosing tbe 
subclavian to tbe pulmonary artery, tbe blood pressure in tbe latter rises 
surprisingly little, e,g, from 16 to 27 (later falling to 22) mm. Hg, presumably 
owing to tbe readily distensible character of tbe pulmonary vessels ; but 
some rise of pulmonary pressure does occur which increases tbe work of tbe 
right ventricle. Tbe “ venous ’’ return to tbe left auricle equals tbe “ total 
pulmonary blood flow,” i.e, 18 litres, which is also tbe output of tbe left 
ventricle. 

^ Gross, J. Amer, med. Assoc., 1940, 115, 1257; Eppinger and Bnrwell, ibid,, 
1262. 
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(iii) This enormous increase in the work of the left ventricle (equivalent 
to that occurring in free aortic regurgitation) leads to an increase in its size ; 
the left auricle enlarges for the same reason. Of the 18 litres entering the 
aorta, 12 litres (as already mentioned above) are shunted via the patent 
ductus into the pulmonary artery and only 6 litres pass to the peripheral 
circulation to supply the tissues. 

(iv) The leak into the pulmonary artery (from the aorta) which continues 
throughout the cardiac cycle gives rise to a continuous hum and thrill in the 
second interspace, to prominence and increased excursion of the pulmonary 
artery, and to congestion of the pulmonary bed. 

(v) The systohc blood pressure rises little in spite of the great left 



OPERATION OPERATION 

Fig.^ 203. — Systolic and Diastolic Blood Pressure at 
Rest and after Exercise before and after closing 
ductus in case of Patent Ductus Arteriosus. 

(After Eppinger et cd., J. din. Investig., 1941, 

20, 141.) 

K'ote that after tying the ductus the diastolic and pulse 
pressures faU. 

ventricular output because the leak out of the aorta occurs throughout 
systole ; diastolic pressure, however, does fall {e.g. to 40-50 mm. Hg) owing 
to the abnormal leak during diastole. The other arterial phenomena of 
arterio-venous aneurysm (detailed on p. 298) may be present. 

(vi) The Og content of the blood in the ventricles, aorta, and pulmonary 
artery, proximal and distal to the point of entry of the ductus arteriosus, in a 
typical case of patent ductus is shown in Fig. 202. The blood in the right 
ventricle and the proximal part of the pulmonary artery had an Og content 
of 12*1 c.c.%. The blood in the left ventricle and aorta had an Og content 
of 17*3%. Owing to the large volume of arterial blood which flowed from 
the aorta along the ductus into the pulmonary artery, the Og content of the 
blood in the distal part of the pulmonary artery rose to 16*6%. 

(vii) After the patent ductus arteriosus has been ligatured at operation, the 
thrill and murmur disappear, the heart becomes smaller, the diastolic blood 
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pressure rises (Fig. 203) and the left ventricular output falls to equal that of 
the right ventricle.^ 


PHYSIOLOGY OF HISTAMINE. TEAUMATIC SHOCK 


Histamine.^ — Many tissues contain histamine ; species variations are 
marked but usually the concentration is highest in the lungs and skin. This 
histamine is normally combined in the tissues in some form which prevents 
it acting locally or being released into the circulation. When the tissue is 
acted on by appropriate stimuli, some of its bound histamine content is 
released in a pharmacologically active form. Blood histamine is chiefly 
present in the cells (granulocytes and platelets) ; the amount in the plasma 
is minute.^ 

Histamine is jS-iminazolyl-ethylamine ; the body store of histamine is 
derived originally from the important amino-acid histidine (iminazolyl- 
a-amino-propionic acid) by removal of CO 2 . This decarboxylation may 
result from the action of bacteria on the food before it is eaten, or may 
occur in the bowel ; the histamine thus formed is absorbed chiefly from the 


^ The “ peripheral blood flow,’* “total pulmonary blood flow,” and the “shunt” as 
defined above can be determined at operation in man by collecting (by direct puncture) 
the following blood samples and determining their 0^ content: 

(a) IMixed venous blood from the right ventricle, 12*1 c.c.% (=V). 

{b) Arterial blood from the femoral arte^, 17*3 c.c.% (=A). 

(c) Blood from the pulmonary artery distal to the patent ductus (mixture of mixed 
venous (right ventricle) and arterial (aortic) blood), 15*6 q.o.% (=M). 

The Oa consumption per minute is determined in the normal way (p. 375), and is, 
g.gr., 312 c.c. 

(1) Right ventricular output (=“ peripheral blood flow ”) is determined by the usual 
Fick principle formula (p. 278), i.e. : 


Oj consumption ^ 312 

jTv 


X 100=6 litres per minute. 


(2) To determine the degree of “ shunt ” and consequently the left ventricular output 
the following facts must be considered. In the pulmona^ artery each 100 c.c. of right 
ventricular blood (i.e. V) containing 12*1 c.c.% of 0* mixes with an unknown volume 
[x c.c.) of aortic arterial blood containing 17*3 c.c,% of O* (=A) to give lOO+a: c.c, of 
total pulmonary blood flow containing 15*6 c.c.% of 0* (=M). The followmg formula 
(for which I am indebted to Sandra Wright) can be used to determine x : 




Substituting the values quoted. 


\m-hxj 
a:=100(M-V). 
A-M 


100(15-6 
a;= — — 


- 12 . 1 ) 


17-3- 15-6 


=205 C.C. (say 200 c.c.). 


In this example the volume of shunt via the patent ductus (in relation to every 100 c.c, 
of right ventricular outflow) is 200 c.c., i.e. twice the simultaneous right ventricular 
output. As the latter is 6 litres per minute, the shunt flow is 12 litres per minute and the 
total pulmonary blood flow is 18 litres per minute, which equals the left ventricular output. 

^ Best and McHenry, Physiol. JRev., 1931, 11, 371. Symposium, Ann. N.T. Acad. Sci., 
1950, 50, 1013-1208. 

® Histamine can also be extracted from certain peripheral nerves which are believed to be 
histaminergic, i.e. produce peripheral effects by releasing histamine at their endings. 
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ileum. A specific histamine decarboxylase is 
it may form histamine from histidine locally. 

present in some organs and 

CH— NH. 

II >11 

C — N ^ 

1 

CH— NHv. 

II >C1J 

C — N ^ 

CH 2 CII 2 NH 2 

1 

CH2CH(NH2)C00H 

Histamine 

Histidine 


Histamine is rapidly destroyed by an oxidase called Mstaminase which 
is present in many tissues and especially in the kidney and placenta. 
Histaminase is, however, not specific in its action ; it also acts on many 



Fig. 204. — Action of Histamine on Circulntion. 

Cat. Eecord of blood pressure. Inject 3 mg. of histamine. The second fall lowers the pressure from 140 
to 50 mm. and leads to respiratory failure. (Dale and Laidlaw, J. Physiol,^ 1919, 52.) 

other diamines, i.e, it is really a diamino-oxidase. The blood histaminase 
is greatly raised in pregnancy, its source being the placenta. 

Histamine is related to various bodily processes : (i) it may be a normal 
dilator metabolite which is released during tissue activity or during ischcemia ; 
(ii) it is released when certain tissues are injured^ in response to infections 
and in anaphylaxis. It is convenient to consider its pharmacological actions 
in detail first ; the species differences are many and important. 

(1) Circulation. — Intravenous injection of histamine in minute doses 
produces a marked fall of blood pressure^ (Fig. 204). The classical studies 
were carried out in the cat in which species it can be shown that histamine 
dilates the capillaries but constricts the arterioles. The circulatory effects 
in the cat are as follows : 

(i) Initial Pulmonary Constriction. — The sharp initial fall of pressure is 
due to temporary constriction of the pulmonary arterioles resulting in 
interference with the output of the right ventricle ; there is consequently a 
diminished inflow into the left ventricle and a smaller output into the 
^ In the rabbit a rise of blood pressure occurs. 
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systemic circulation. The right ventricle soon recovers and resumes its 
unembarrassed activity, and the blood pressure may recover shghtly. 

(ii) Phase of Capillary Paralysis. — There is secondarily a steady prolonged 
fall of blood pressure which may lead to circulatory failure, inadequate 
blood flow to the brain, and cessation of respiration. This second^ lasting, 
depressor effect is maitily or wholly due to capillary paralysis and occurs in 
spite of arteriolar constriction. 

The evidence (in the cat) is as follows : 

(a) Arteriolar constriction. — purely arterial system can be prepared by 

cutting the mesentery at its attachment to the intestine ; the superior 
mesenterio artery and its branches are then perfused, and it is found that 
histamine diminishes the rate of escape of fluid from the cut end, indicating 
that it constricts the Arterioles. _ . 

(b) Heart. — ^Histamine does not directly depress the activity of the 
isolated heart perfused through the coronary vessels ; if the heart is examined 
in the intact animal poisoned with histamine, it is found to be beating forcibly. 
In spite of this, however, the cardiac output (in the second stage) is very small. 

(c) Capillary pa/ralysis. — The fall of blood pressure has thus occurred in 
spite of arteriolar constriction and a forcibly acting heart ; the obvious 
cause of the fall of blood pressure is the poor cardiac output. As this is not 
due to a primary cardiac disorder it must be the result of a failure of the 
venous return which in turn results from generalized capillary paralysis, 
which can be readily demonstrated as follows : 

(a) In spite of the arteriolar constriction the intestines, pancreas, and 
other solid viscera are intensdy congested and oedematous. 

(y8) The nerves going to the limb of a cat. are severed; the arterioles 
relax (because the vasoconstrictor nerves have been cut) and the limb 
becomes warm owing to the larger blood flow through it. The pad of the 
foot remains pale, indicating that the capillaries are contracted in spite of 
full arteriolar dilatation (cf. p. 321). The mjection of histamioe at once 
makes the pad flush because it paralyses the capillary wall, which now gives 
way before the arteriolar pressure. 

(y) If a histamine solution is dabbed on to an organ like the pancreas it 
becomes flushed with blood ; as the arterioles are contracted, the increased 
vascular content of the organ must be due to capillary dilatation;^ 

(S) Decreased plasma volume. — ^Histamine increases the permeability of the 
capillaries (p. 13) so that protein and fluid escape from the vessels into the 
tissue spaces, still further reducing the volume of circulating plasma (and 
further aggravating the circulatory collapse). The red blood count per c*ni 2 n. 
and the haemoglobin percentage consequently rise. 

Action in Man.— In man (and also in the dog and monkey) histamine 
produces arteriolar dilatation in addition to capillary paralysis. A^ sub- 
cutaneous injection in man of 0*3 mg. of histamine causes general flushing of 
the skin, a rise in its temperature of 1° or 2° C., a small decline of systolic, 
a great fall of diastolic, pressure, and a rise of pulse rate ; the flush is most 
conspicuous in those parts that are previously red. Even doses of 0-06 mg. 

^ The coronary vessels may be constricted or dilated (depending on the species) ; both 
pulmonary arteries and veins are constricted (as noted on p. 336).^ In we dog, histamme 
contracts the ring of muscle at the point of entrance of the hepatic vem mto the inferior 
vena cava with resulting intense engorg&nerU of the liver and other abdominal viscera. 
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cause flushing of the skin of the face and a rise of 0*5° C. in its temperature 
(cf, p. 326). 

There is dilatation of the vessels of the brain and a rise of cerebrospinal 
fluid pressure. This leads to stretching of the dura mater and consequent 
stimulation of the local sensory endings of the fifth nerve. These changes 
may account for the headache which so regularly follows injection of histamine 
in man.^ 

The action of histamine on the human skin is discussed on p. 325. 

(2) Smooth Muscle. — This is contracted throughout the body, including 
the muscle coat of the bronchioles, intestine, spleen-, and uterus. In the 
guinea-pig the bronchial spasm may cause death from asphyxia (Fig. 205). 

(3) Glands. — There is increased secretion of saliva and a very marked 

flow of gastric juice (the latter 
response forms the basis of the 
‘‘ histamine test ’’ (p. 783)). 

Eepeated injections may produce 
gastric ulceration ; if the gastric 
mucosa is damaged, histamine 
may delay healing. It has no 
direct secretory effect on the 
pancreas ; increased pancreatic 
secretion is produced by hista- 
mine only when the pylorus 
is open but not if it is tied 
off. 

Role of Histamine in the 
Body. — (1) Relation to In- 
jury. — It is released when 
human skin is injured and is 
responsible for the vascular 
changes constituting the triple 
resfonse (p. 325). Its doubtful 
role in traumatic shock is con- 
sidered on p. 343 ; in ana- 
phylactic shock and bacterial infections {infra) ; in hums on p. 344. 

(2) Dilator Metabolite. — It is claimed that histamine is released from 
skeletal muscle during activity ; it may be an important metabohte formed 
generally during normal tissue activity. It may also be one of the dilator 
agents responsible for the vascular changes of reactive hyper cemia (p. 330). 

(3) R6le of Histamine in Anaphylactic Shock ^ and Infection.— 
Anaphylactic shock is produced as follows : a small amount of a foreign 
protein (the ‘‘ antigen,” or “ antigenic protein ”) is injected into an animal ; 
some days or weeks afterwards the same protein is injected a ’second time. 
The animal becomes gravely iU and may die even when minute doses of the 
protein are used on the second occasion, doses that are perfectly harmless 
when given as a first injection. The first injection of “ antigen ” thus produces 
a state of hypersensitivity or anaphylaxis, which is demonstrated by the 
a-ppearance of serious symptoms of anaphylactic shock when the injection is 

1 Hess and Pickering, Clin, Sci,, 1933, J, 77. 

^ Dragstedt, Physiol, Rev., 1941, 21, 663. 



Fig. 205. — Action of Histamine on Bronchial 
Calibre. 

Pithed guinea-pig. The expansion of the artificially 
inflated lungs is recorded graphically and varies 
directly with bronchiolar caUhre. At A inject 0*6 
mg. histamine. The bronchioles close completely 
as sho-wn by the cessation of rhythmic expansion 
of the lungs. At B inject 6 mg. atropine, -which 
is quite ineflectlve in overcoming the spasm. 
(Dale and Laidlaw, J. PhyHot., 1910.) 
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repeated. The response is highly specific and exactly the same protein must 
be used on the two occasions. 

The chief symptoms of anaphylactic shock differ markedly in different 
species ; on the other hand, the symptoms of anaphylactic shock resemble 
those of histamine poisoning in the same species. Thus in both conditions 
intense bronchoconstriction develops in the guinea-pig ; in the dog both 
produce constriction of the hepatic veins leading to engorgement of the 
Liver ; in the rabbit both produce constriction of the pulmonary arterioles. 
Anaphylactic shock is accompanied by the release of histamine ; (i) the 
injection of the specific antigenic protein into a sensitized animal leads to 
the appearance of histamine in the blood, (ii) If the antigenic protein is 
added to the fluid which is perfused through the lungs of a previously 
sensitized animal, histamine is released and appears in the outflow fluid. 
This histamine is not newly synthesized but is released during the experimen 
from some closely related precursor. 

The results described may be interpreted as follows : the first injection of 
the antigenic protein leads to the formation of a specific antibody which is 
found in the cells of different organs. When the antigen is injected a second 
time, it reaches the tissues and there reacts with the antibody ; following this 
union toxic substances are liberated but their exact source is unknown. 
These toxins damage the cells in which they appear ; one of the results of 
such tissue injury here as elsewhere (e.g. in the skm) is the release of histamine ; 
other substances are doubtless also formed. If the histamine is released in 
the lungs, it produces characteristic bronchoconstriction and swelling of the 
lungs owing to exudation of fluid into the alveoli from the poisoned and more 
permeable capillaries. 

On this theory the symptoms of anaphylactic shock result from : (i) wide- 
spread tissue damage resulting from the action of the locally released toxic 
product of the antigen-antibody reaction ; (ii) histamine poisoning, both ha 
the organs in which it is primarily released and elsewhere as a result of its 
absorption into the general circulation. 

Wlien certain bacterial toxins (e.g. staphylococcal), or snake venoms^ 
which damage tissues are perfused through the lungs, they may caime 
histamine , to be liberated. But again it must be stressed that the toxins 
and venoms also damage the tissues directly and in ways not involving the 
mediation of histamine. 

Traumatic Shock, — ^When a clinician describes a patient as being in a 
state of “ shock,” he is not dia^osing a specific disease but is employing a 
convenient label to attach to a chnical syndrome, i.e. to a fairly clearly d.efined 
group of symptoms and signs. Spinal shock is of course quite a d^tinct 
entity with characteristic features described on p. 690. The condition of 
“ shock ” is a serious one involving danger to life. It is unfortunately true to 
say that the diagnosis of ‘‘ shock ” is so loosely and variously used that it may 
fail to give an outsider a clear indication of how ill the patient is, what 
symptoms and signs he displays to the bedside observer or what treatment he 
requires. The clinical state termed “ shock ” may be associated with a wide 
variety of causal agencies i among the more important are trauma, hemor- 
rhage, severe dehydration {e.g. from grave diarrhoea or incessant vomiting), 

Feldberg and Kellaway, Ausi/r. J. exp, Biol, med, Sd., 1937, 16, 169, 441, 461 $ 
J Physiol, 1937, 90, 257 ; 1938, 9d, 187. 
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severe burns, toxsemias, high-voltage electrical currents, visceral perforation, 
coronary thrombosis, introduction of foreign proteins into the body, pleural 
puncture, and great mental stress. It is proposed to discuss here mainly 
shock due to trauma. It is customary to divide traumatic shock into prima/ry 
(or immediate) which comes on at once, and secondary (or delayed) shock 
which either follows on the primary or develops after a latent period without 
manifest signs. 

Clinical Picture of Traumatic Shock.^i — Following a severe injury the 
patient shows ‘‘ a rapid thready pulse, a pallid or greying or slightly cyanotic 
appearance of the skin which is cold or moist, sweating, marked thirst, 
superficial rapid respiration, commonly vomiting, restlessness, lessened 
sensibility, a dulled mental state,^’ and a subnormal temperature. Milder 
cases of shock do not show all these symptoms, and serious cases may vary in 
some of their clinical manifestations. Thus the typical picture of the wounded 
after the Battle of Alamein was that of “ a talkative, even garrulous, man, 
with ashen-grey face and beads of sweat on the brow, tiny pupils narrowed by 
morphine, making restless, fidgety movements, keeping an apprehensive eye 
on his bearers lest his wound should be jarred, asking constantly for drinks, 
and vomiting without warning a few minutes after each drink.*’ 

(1) Blood Pressure. — A. fall ofhhod pressure is commonly noted and is 
widely regarded as an indispensable feature of “ shock.” Some would say 
“ no low blood pressure, no shock,” but this attitude is not in accordance 
with the evidence. Clinically obvious and severe “ shock ” as defined above 
may be associated with a blood pressure within the normal range, though 
far more commonly the blood pressure is reduced, even to levels that make 
measurements impossible. It will be shown later that after an injury there 
are a number of factors in operation that tend to lower the blood pressure ; 
but the blood pressure only actually falls when the elaborate compensatory 
mechanisms of the body have been overcome. When clinical shock is 
associated with a normal blood pressure there is usually intense vaso- 
constriction in certain parts of the body, with resulting decrease ii^ local 
blood fiow and anoxia. When the blood pressure in a case of shock is low 
there is probably a more generalized inadequate blood supply to the organs. 
It should be remembered that the organs that are least fitted to withstand 
severe anoxia of any duration are the brain, the heart, and the kidneys. 
Up to a point the effects of anoxia on the organs are reversible and can be 
fully recovered from if the circulation is promptly restored ; but if the 
anoxic state persists for too long a period, irreversible changes occur and 
recovery will not take place in spite of treatment. 

(2) Heart Rate. — Though the pulse is commonly rapid it may be slow or 
within normal range ; thus five cases of shock with a blood pressure of 
55 mm. Hg or less, had pulse rates of 86, 82, 92, 104, and 76 per minute. 

(3) Blood. — The blood volume is commonly reduced. When this is due 
mainly to hasmorrhage, there is a secondary fiow of tissue fluid irito the 
circulation, producing a fall of haemoglobin concentration and of haematocrit 
value (hcemodiluiion). When the decrease in blood volume is due to plasma 
or simple fluid loss (rather than loss of whole blood) there is hcemoconcentration, 

(4) Kidneys. — In shock due to crush injmies (p. 343) gross anatomical 
changes occur in the kidneys. But in other groups of traumatic shock it 

^ Cope, Lancetf 1944, i', 702. 
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has been found that the renal blood flow, the volume of glomerular filtrate 
and volume of urine excreted are reduced roughly proportionally to the 
degree of shock. Cortical ischaemia may occur from closure of the inter- 
lobular arteries ; the blood is then shunted via the juxta-medullary glomeruli 
into the renal medulla (p. 26). 

Mecljanism of Shock.^ — Traumatic shock is thus a general bodily 
disturbance following an injury which may be limited in extent. The local 
injury might produce the widespread changes noted in one or both of two 
ways : 

(1) Nervous : i.e. afferent impulses arising in the injured area, reflexly 
via the central nervous system, modify in a harmful manner the activities 
of various organs or systems.' 

(2) Humoral : (i) by (a) local loss of blood, plasma, or fluid, leading to 
decreased circulating Mood volume ; (&) local loss of heat leading to subnormal 
body temperature ; (c) local loss of some essential blood constituent, 

(ii)' By absorption of toxic agents from the injured area into the general 
circulatiion. 

In immediate shock, it is likely that nervous reflexes play a predominant 
part producing, it is believed, reflex vasodilatation, often cardiac slowing and 
reduced cardiac output and consequently reduced blood flow^ and thus tissue 
anoxia. Unfortunately few detailed analyses of cases of this type of shock 
have been carried out ; but if the suggestions just made are substantiated, 
immediate shook would turn out to be closely related to the vaso-vagal 
syndrome (p. 271) or fainting attack associated with slow heart and vaso- 
dilatation. In delayed shook some or all of the factors enumerated above are 
probably in action to a varying extent in different cases (v. inpa) . On ultimate 
analysis &e state of shock is due to depressed or disordered tissue metabolism ; 
this in turn may be due to anoxia, toxic agents, or lowered temperature.^ The 
anoxia in its turn is due to circulatory failure which might be due to di min ished 
circulating blood volume, to impairment of the heart’s action, or to decrease 
in the peripheral resistance. 

Animal experiments planned to analyse the causes and manifestations of 
shock suffer from obvious, serious, and not wholly avoidable defects. There 
is first the species difference, as animals may differ in their responses from 
man. The experiments are' usually performed under anaesthesia, which 
eliminates the factor of conscious pain from the clinical picture, though it 
introduces a complicating factor of its own, as prolonged and deep anaesthesia 
can ultimately produce circulatory failure. The experimentalist farther does 
not use the same criteria of shock ” as does the clinician ; he does not judge 
the entire clinical condition, btit regards a lowered blood pressure as an indis- 
pensable manifestation and in fact as the main index of the severity of the 
state of shock. The type of injury employed to produce shock has varied very 
widely and the results in different series of experiments have been regarded 
as comparable though the procedures have been significantly different. These 
remarks may help to explain the, present state of confusion^ of the subject 
and the difficulty of correlating experimental and cUnical findings. 

Role of Specific Factors in Clinical Shock. — {!) BLaaMORRHAGE.— - 
The clinical results of severe haemorrhage are indistmguishable from those of 
shock ; i.e. haemorrhage alone naay be responsible for a state of shock. In 

1 Grant and Reeve, Oenerdl Effects of Injurt^ in Man, H.M. Stationery Office, 1951. 
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fact most cases of clinical shock show changes indicating that considerable 
blood loss has occurred. In one group the outstanding features were a 
decrease in the blood volume, a lowered hsematocrit value (indicative of 
haemorrhage with partial compensation by tissue fluid inflow), lowered venous 
pressure, decreased cardiac output, low blood pressure, and renal insuf&ciency. 
In a representative case a few hours after the injury the cardiac output was 
reduced from (the theoretically expected) 5*3 litres to 3*75 litres per minute ; 
the blood volume was down from 4,500 to 3,500 c.c. and the hsematocrit 
value from 45% to 28%. The mean arterial blood pressure {i.e. mean of 
systolic and diastolic pressures) ranged from 30 mm. Hg 3 hours after the 
injury to 80 mm. Hg 2 hours later. The rate of glomerular filtration was 
lowered from 110 c.c. to 20-30 c.c. per minute and the renal plasma flow from 
600 c.c. to 150 c.c. per minute. The calculated resistance to the blood flow 
in the kidney was increased fourfold, i.e. there was intense renal vaso- 
constriction. The flow of urine was only 3 c.c. (normal 50 c.c.) per hour. The 
total peripheral resistance was not significantly altered. Calculation shows that 
the total red cell volume before the injury was 2000 c.c. ; 3 hours after, it was 
down to 1000 c.c. Thus 1000 c.c. of red cells had been lost as a result of the 
injury,: doubtless together with over 1000 c.c. of plasma ; in other words it 
appears that this patient had suffered a haemorrhage of over 2000 c.c. in a 
short period ; as the total blood volume had only fallen by 1000 c.c., about 
1000 c.c. of tissue fluid had been drawn back into the circulation. It is not 
unlikely that this very large haemorrhage was responsible for all the other 
manifestations noted. 

In our studies of haemorrhage in man, we dealt with the results of loss of 
blood of about 1000 c.c. (p. 81) ; nothing is known about the effects in man 
of an acute haemorrhage of twice that size. In the 1000 c.c. haemorrhage the 
peripheral resistance is initially greatly increased because of compensatory 
vasoconstriction ; when fainting occurs it is associated with a collapse of the 
blood pressure and a great decline of the peripheral resistance from its initial 
high value. In these cases of shock no increase of total peripheral resistance 
was noted ; if it was present initially it had soon passed away. The low , 
cardiac output, coupled with a normal peripheral resistance, produces the 
characteristically low blood pressure. The circulatory coUapse must be 
attributed to a primary failure of the venous return which leads to a decreased 
cardiac output. The only region where marked vasoconstriction was present 
during shock was the kidney ; the very low blood flow through the kidney 
(plus a possible cortical ischaemia) accounts for the negligible urinary output. 
More direct evidence is still needed to prove that in cases of the type described 
haemorrhage of the extent calculated has reaUy taken place. Once the state 
of shock develops the vital organs suffer progressively ; the decreased cerebral 
flow depresses first the higher centres and later the vital medullary centres ; 
the decreased coronary flow impairs the contractility of the heart; the 
decreased renal flow finally produces the manifestations of latent ursemia 
(p. 73). 

(2) Plasma or Fluid Loss. — A large loss of plasma alone or of fluid from 
the blood could produce a circulatory picture very similar to that described 
above. It has been suggested that in many injuries, apart from the frank 
heemorrhage from torn vessels, there may also be leakage of protein-rich 
fluid out of vessels whose permeability has been increased. One can only 
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be certain that plasma loss is the dominant factor when the blood shows 
hsemoconcentration ; this latter finding is uncommon following trauma. 
Plasma loss on a large scale does, however, occur from a burnt area. Severe 
vomiting or sweating would still further decrease the plasma volume 
(producing anhydrsemia). There is no evidence that capillaries remote from 
the traumatized area show any increase in their permeability. 

(3) Cbush Syndrome. — The victims of air-raids are often buried under 
heavy masses of masonry which may pin down and crush a limb for a number 
of hours. When rescued, the patient’s clinical state may not be alarming, 
but progressive deterioration sets in and some two-thirds of tbe cases die in 
spite of treatment. Owing to the prolonged complete ischaemia, extensive 
necrosis develops in the affected muscles and skin. The locally injured vessels 
permit the leakage of blood or plasma with resulting decreased blood volume, 
and the limb becomes enormously swollen and tense with impairment of its 
circulation. The activity of the kidneys is depressed : (i) by the decreased 
blood flow which is due partly to the lowered blood pressure and partly to 
compensatory vasoconstriction ; (ii) there may be cortical ischaemia which 
cuts the glomeruli out of the circulation ; (iii) in addition myohcBmogloUn is 
absorbed from the damaged muscles and while being excreted by theifcidneys 
is commonly precipitated in the renal tubules, blocking the escape of urine ; 
the renal tubules often show extensive degenerative changes. The volume 
of the urine is decreased greatly, and myohaBmoglobin may be present in 
it. Uraemic symptoms from renal failure complicate the clinical picture.^ 

It is not improbable in view of the crushed state of the muscles that 
various products of tissue damage are absorbed from the limb and produce 
systemic toxic effects ; but in spite of intensive search, no such substances 
have yet been demonstrated in the blood. The agents looked for have bep 
mainly substances of the histamine class (which produce capillary paralysis) 
or general vasodilators like adenosine and related compounds. 

(4) Reflex Factor.^ — In some oases, tjyically following fracture of a 
long bone like a femur, shook may be severe without evidence of great damage 
to soft parts or fluid or blood loss. Experimental analysis suggests that the 
manifestations of shock in these cases are reflexly produced and may be pre- 
vented or greatly reduced by denervation of the injured part or blocking the 
reflex arc in the spinal cord by spinal anaesthesia. It is not yet known how 
the afferent impulses set up in the injured part cause the permanent depression 
of the circulation. In conscious subjects it is well known that severe prolonged 
pain from any cause can ultimately induce a state of circulatory collapse and 
marked depression of general nervous activity. (Of. vaso-vagal attacks, 


(5) Fall of Temperature. — ^Temperature regulation becomes defective ; 
exposure to cold (a complication commonly oocuring with wounded men) 
and marked sweating will intensify heat loss and set up a vicious circle in 
which the body temperature progressively sinks. 

(6) Infection. — If obvious mfection of the injured part supervenes, 
toxic products formed by the bacteria or released from the damaged t^ues 
may be absorbed and poison the heart and paralyse the peripheral blood 
vessels leading to circulatory collapse. It is claimed that experimentally m 

^ Bywaters and Dible, J, Path. Bact., 1942, 64, 111. 

2 Slome and O’Shanghnessy, Brit J. Surg., 19.^6, 22, 589 ; 1938, 26, 900. 



34i4i 


TREATMENT OF TRAUMATIC SHOCK 


shock due to crushed limb or hsemorrhage, organisms enter the blood 
stream and blood cultures are positive for the enteric group, B. cerogenes 
and B, coli, 

(7) Other contributory factors which sometimes play a part are over- 
ventilation leading to COg lack and its sequelae (p. 406), emboli of fat liberated 
mainly from the marrow of damaged bones, or a rise of plasma potassium. 
In shock increased utilization of adrenal corticoids occurs, leading to exhaustion 
of the gland. 

Evidence from the Results of Therapy. — It is not proposed to consider 
the; detailed management of a clinical case of shock ; but the results of 
treatment (when carefully controlled) may throw light on the nature of the 
disturbances involved. In many clinical cases measures directed to increasing 
the volume of the circulating blood have proved highly beneficial. These 
consist of intravenous transfusion of whole blood, plasma, or serum which are 
retained in the circulation (because of their protein osmotic pressure) far better 
than saline (Fig. 48). If bleeding is not fully controlled or if, because of 
altered capillary permeability, protein-rich fluid continues to escape into the 
tissue spaces, very large transfusions may have to be given. These results 
support the view that a decrease in the total blood voluine, or in the circulating 
blood volume, or a disproportion between the capacity pf the vascular bed and 
the total blood volume are often important factors in promoting the circulatory 
failure that is such a common and considerable factor in shook. Sedatives 
are also widely employed and prove beneficial probably because they relieve 
pain and depress certain reflex arcs which were operating harmfully. Adrenal 
cortex extracts have been given to relieve the supposed state of cortical 
deficiency {supra ) ; but the doses used have probably been too small and 
there is inadequate evidence that they have proved beneficial clinically; 
cortisone may perhaps prove useful. The subnormal body temperature in 
shock has been regarded as an indication for warming the patient ; it is, 
however, dangerous to overheat the patient, as the rise of temperature, by 
producing vasodilatation may aimul the beneficial effect of the pre-existing 
compensatory vasoconstriction. Heating also increases sweating, thus 
increasing fluid loss and further diminishing the plasma volume. It must 
be borne in mind that a low shin temperature does not necessarily indicate 
that the internal temperature has fallen ; it may merely represent com- 
pensatory cutaneous vasoconstriction. 

Changes in Burns. — ^An extensive burn produces severe pain with all its 
reflex effects ; a large volume of protein-rich fluid is lost from the damaged 
vessels with a resulting decrease in the plasma volume and anhydroemia ; in 
a few hours one quarter of the total plasma volume may be lost from the 
circulation with progressive hsemoconcentration. Heat loss is also increased ; 
secondary infection may develop. After severe burns the concentration of 
histamine in the blood may rise fourfold in the course of a few days, and this 
change is paralleled roughly by the gravity of the clinical state, suggestmg 
that it plays a part in producing the symptoms. The importance of the 
histamine factor must not, however, be overestimated. Products of tissue 
damage other than histamine may be absorbed. 
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EXPERIMENTAL AND CLINICAL HYPERTENSION 

Experiiliental Hypertension. — Of tlie many procedures whicli have 
been used experimentally to produce hypertension, two only will be considered 
here : (i) Section of the sino-aortic nerves ; (ii) reduction of the blood flow 
through the kidneys (renal ischaemia). The latter method is of great clinical 
interest. 

1. Section op the Sino-aortic Nerves. — The chronic persistent hyper- 
tension produced by this procedure is described on p. 744. 

Clinical hypertension, however, is never the result of denervation by 
disease of the sino-aortic sensory zones. Strangely enough patients with 



Fig 206. ^Experimental Hypertension from Renal Ischcemia. 

(Goldblatt, Ann. int. Med.^ 1937, 11.) 

nf blood oressure in dog. At RK, constrict right renal artery : 
^""^ro^sS?e rlseTblood p?essnie. At remove right kitoey: 
SoS^ pressure falls again. At LX constrict left ren^ artery: 
blood pressure mounts rapidly to 280 mm. and the animal dies. 


extensive disease of these zones never seem to suffer from hp)erteMion. In 
severe clinical hypertension the sino-aortic areas are generaUy qmte normal. 
The combination of clinical hypertension -with intact vasosensory zones 
manna that the factors responsible for the hypertension are so potent that 
they can completely overcome aU the normal regulatory mechanisms. 

9 Renal Ischaemic Hypertension.’ — Experimental renal ischaemia 

& reduced by placing cHps on one or both renal artenes and screwmg them 

down to constrict the Inmen of the vessel. ^ ^ .-l vi j 

(il If is thus induced on one side m the dop the blood pressure 

rises steadily for several weeks or months (Fig. 206), but then us^lly be^ 
to decline, and may ultimately return even to the pre-expenmental level. 

I Brann-Menendez et td., Seiud Hypertension (ttaoB., Be^), 1946, SpirngBe^ Illinois. 
* InX Sp 358 ) i^ateral ren^l ischemia may produce persistent hypertension. 
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(ii) Bilateral renal ischaemia, however, leads to a persistent hypertension ^ ; 
the same result is obtained when one kidney is made ischaemic and the other 
is completely removed. 

(iii) Hypertension is also induced if the aorta is obstructed above the 
origin of the renal arteries, but not when the obstruction is below, leaving the 
renal circulation unimpaired. 

(iv) In ischaemic hypertension both systolic and diastolic blood pressures 
are raised and the heart is considerably hypertrophied. The structural 
changes in the blood vessels are considered on p. 354. 



A B 

Fig. 207. — Comparison of Eflfects of Severe Renal Ischsemia and of Nephrectomy on 

Blood Pressure and Blood Urea. (Goldblatt, Ann. int. Med., 1937, 11.) 

A. At arrow both kidneys wore made severely ischsemio; hypertension and urea 

retention. 

B. At arrow (B.N. —bilateral nephrectomy) both kidneys were removed. Urea reten- 
tion is extreme but the blood pressure remains unchanged. 

(v) If the ischaemia is moderate in extent the ischaemic kidneys show little 
Btructural change, e.g. simple atrophy and perhaps early tubular changes. 
If the ischaemia is severe there is in addition to the mounting hypertension 
evidence of grave impairment of renal function ; the usual blood and urina^ 
changes of uraemia develop with a rapidly fatal outcome. The results in 
an animal experiment are shown in Kg. 207, A. 

(vii) A clinical case of extensive occlusion of both renal arteries by thrombi 
s illustrated in Fig. 207. The severe resulting bilateral renal ischaemia 
caused the blood pressure to rise to 210 mm. Hg (systolic) ; owing to in- 
adequate renal excretory function the flow or urine was very small and there 

1 When a secondary fall of blood pressure occurs in bilateral experiments it is probably 
due to the establishment of some degree of collateral circulation which compensates for 
the diminished blood supply along the main renal arteries. 
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was marked retention of tke non-protein nitrogenous (N.P.N.) constituents 
of the plasma (see legend to Fig. 208). 

Mechanism of Experimental Ischaemic Hypertension. — The hyper- 
tension is due to the presence of an ischaemic kidney, for if the affected kidney 
is removed (in unilateral cases) the blood pressure promptly falls to normal 
(Fig. 206). It is well known also that hypertension does not follow bilateral 
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Fig. 208. — ^Hypertension from Severe Bilateral Renal Ischaemia in Man. 
(Prinzmetal et aZ., J. Afn£,T. med. Assoc., 1942, 118, 44.) 

Kecords from above downwards : systolic and diastolic blood pressure injam. Eg ; 
non’^otein nitrogen of blood in mg— % of E ; estimated urinary ontpnt in c.c, 

A woi^n aged 50 suffering ftom auricular fibrillation suddenly deyeJopMsev^c 
epigasOTC pain, nausea and dyspnoea ; the blood pressure was 115/75. ^nie 
gradually rose to 190/110 on the IStb day and the systolic pres^e nltimatdy rose 
to 210 rnm. Hg. The volume of urine d imin is h ed till It almost ceased ; the non- 
protein E was 72 mg-% on the 9th day and 148 mg-% on the day before death, 
which occurred after increasing stupor on toe 26th ^y. 

Post-mortem : the entire length^ the rmot right renal ajt^ 

the left renal artery were occupied by thrombotic materw , a separate inferior 
renal artery was patent but Its orifice was obstructed by thrombus. 


nephrectomy although marked nitrogenous retention occurs ; ischsemc hyper- 
tension is thus not due to any associated rise in the plasma mtrogenous 
constituents (Fig. 207). The magnitude of the hypertension is related 
primarily to the degree of renal ischsemia. The kchseimc kidney produces 
hypertension by releasing a pressor agent into the drcuhtion. • i • j 

Evidence fob Cibculating Pebssoe Agent.— (i) An u^omic Jatoey 
is removed and transplanted into the neck of another completely nem^tom- 
ized animal by anastomosing the renal and carotid artenes and "^ke rei^ 
and ingular veins respectively. As soon as the circ^tion is re^tablm 
the blood pressure rises rapidly in the recipient by 30-40 mm. Hg m 5-10 
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minutes (Fig. 209). (In control experiments in which normal kidneys are 
so grafted, hypertensive effects are rarely produced.) If the grafted ischsemio 
kidney is then transferred into the neck of a second recipient, this animal 
in its turn shows a rise of blood pressure. The pressure in the first recipient 
(deprived of its ischmmic kidney) remains high for several hours, after which 
it gradually returns to normal. . , . , 

(ii) The venous blood plasma leaving the isohmmic kidney has an intense 
constrictor action when perfused through the blood vessels of a frog ; Mood 
ftom control kidneys has only a slight activity, or none at all. A perfusate 
of the isohfemic kidneys from the case recorded in Fig. 208 made immediately 
after death also contained similar pressor material. The pressor substance is 



Fio. 209. — Effect of Graft of Ischaemia Kidney on Blood Pressure. (Fasciolo, Houssay 
and Taquini, J. Physiol. ^ 1938, 94.) 

Record of arterial blood pressure. An ischaemic kidney from a dog with high blood pressure was (a® the 
arrow mark) grafted into the neck, first into one (lower record) and then into another (upper record) 
chloralosed nephrectomized dog. Note the sustained rise of blood pressure which is produced 
gradually in each case. Time in minutes. 


associated with the flasTm 'proteins it is absent from deproteinized plasma, 
or from the ultra-filtrate of citrated plasma. 

(iii) The vasoconstrictor substance formed by the ischsemic kidney is 
eliminated or destroyed by healthy kidney tissue. Thus in unilateral renal 
ischaemia removal of the other, normal, kidney is followed by an aggravation 
of the pre-existing hypertension. When an ischaemic kidney is grafted into a 
nephrectomized host {e.g. in Fig. 209) it produces a ^eater rise of blood 
pressure than in a recipient with intact kidneys. As might be expected, the 
venous blood leaving the 'normal kidney in a hypertensive animal possesses 
less pressor activity than the arterial blood reaching it. 

(iv) The pressor agent formed by the ischaemic kidney does not act through 
nervous channels : thus ifioliseniic hypertension is unaffected by division of 
the nerve supply to the kidney, section of the splanchnic nerves, division of 
the ventral roots supplying the abdominal viscera, or even extirpation of 
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the entire sympathetic chain. The hypertension is not completely abolished 
even by destruction of the spinal cord. 

The pressor substance responsible for the development of ischgemic hyper- 
tension is known as hypertensin {angiotonin). It is formed in the blood as 
the result of the interaction between an enz 5 ane, renin, formed by the ischsemic 
kidney and a normal plasma globulin (ag-globuKn (p. 136)) called hyper- 
tensinogen, thus : 

Hypertensinogen-f Renin — ^Hypertensin 

normal plasma- \ ( enzyme : \ [Angiotonin] 

protein constituent / V protease/ (polypeptide) 

The properties of these substances must next be reviewed. 

Renin* — (i) Renin is a protein which can be extracted from normal fresh 
kidney cortex, but not from the medulla. It is present in larger amounts in 
extracts or perfusates of ischcemic kidneys 
(both experimental and clinical). 

(ii) There is excess r&nin in the venous 
hlood leaving the ischsemic kidney. 

(iii) On intravenous inj ection in animals 
renin raises the arterial blood pressure 
(Fig. 210) by a peripheral action on the 
blood vessels. When given by the method 
of slow continuous intravenous infusion it 
produces a sustained hypertension. 

(iv) Though renin gives rise to vaso- 
constriction it can be readily shown that 
it does not act directly on the blood vessels. 

Thus though purified renin markedly raises 
the blood pressure in the intact animal it 
has no effect on blood vessels perfused 
with a Ringer-Locke’s solution. But if 
the perfusion is carried out with serum, 
added renin has its usual constrictor 
action. If the blood vessels are perfused 
with recirculated serum, successive injec- 
tions of renin produce smaller effects ; if fresh serum is now employed, the 
constrictor effect of renin is restored to its original value. It is clear from all 
these observations that renin is not directly constrictor but reacts with a serum 
constituent which is gradually used up and must either be replaced (in the 
perfusion circuit) or else given time to be re-formed in the intact animal. 

(v) When renin is incubated with serum the pressor activity of the mixture 
increases initially owing to the appearance of a new substance, a heat stable 
polypeptide, which has the distinctive feature (in which it differs from renin) 
of constricting blood vessels perfused with Ringer-Locke’s solution. This 
directly acting pressor principle is called hypertensin. Suitable experiments 
show :that renin interacts with a globulin fraction of the serum (caEed 
hypertensinogen). 

(vi) Renin is an enzyme : the yield of hypertensin is increased as the 
hypertensinogen concentration is increased ; within limits an increase in the 
renin concentration has the same effect but if the renin level is increased 



MINUTES 

Fig. 210. — ^Effect of Kidney Extract 
(Renin) on Arterial Blood Pres- 
sure of Unansestbetized Rabbit. 
(Pickering and Prinzmetal, Clin, 
Sci. 1938, 3.) 

At M, 1 C.C. of an extract of renal medulla 
was injected intravenouslf ; the blood 
pressure was unchanged. At C, au 
extract of renal cortex (renin) was in- 
jected ; a marked zise of blood pressure 
occurred. 
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further the hypertensin yield is diminished. It is concluded that hyperteusin 
is a product of hydrolysis of a globulin (hypertensinogen) by the enzyme 
renin. Renin is probably a proteolytic enzyme which acts specifically on the 
blood globulin only ; in fact renin may be species specific, the renin extracted 
from the kidneys of one species not necessarily acting on the blood globulin 
of another {e,g, renin from pig’s kidney is inactive on injection in man). 
[For physiological role of renin, see p. 353.] 

(vii) It is extremely interesting to note that when pepsin is incubated with 
a variety of proteins it also liberates a pressor substance (chemically a poly- 
peptide) resembling hypertensin and called pepsitensin. 

Hypertensin. — In ischaemic hypertension the presence of hypertensin can 
he demonstrated in the circulating blood. 

Injected intravenously in animals, hypertensin produces a sharp transient 
rise of blood pressure resembling that produced by adrenaline and due to a 
peripheral constrictor action on the blood vessels. It differs from adrenaline 
in showing none of the drug antagonisms of the latter and in being motor to 
the isolated intestine (cf. p. 724). Slight tachyphylaxis develops after a long 
series of injections, i.e. the pressor responses progressively decline in magni- 
tude. There is some evidence that the blood may contain an agent which 
potentiates the action of injected hypertensin (hypertensin-‘‘ activator^') and 
which is slowly used up. 

Action of Hypebtensin in Man.^; — (1) Action on Circulation, — (i) When 
hypertensin is injected or infused intravenously in normal man it raises both 
systolic and diastolic blood pressure to an extent which depends on the 
dosage used (Fig. 211). It constricts the peripheral blood vessels : (a) injected 
intradermally it produces blanching of the skin ; (6) injected intra-arterially 
it produces vasoconstriction in the muscle mass supplied by the artery; 
(c) injected intravenously the blood flow through the limbs decreases. 

(ii) The effects on the heart are complex ; (a) there is marked cardiac 
slowing which is abolished by atropine (indicating vagal involvement); 
(6). there is usually evidence of heart failure (Fig. 211), e,g, diminished cardiac 
output, rise of venous pressure, engorgement of the lung vessels (as shown by 
the decreased vital capacity), increased circulation time, and an increase in 
the size of the heart. The arterial hypertension produced by injection of 
large doses of hypertensin in man is thus due to vasoconstriction and still 
occurs even if there is coincident heart failure. 

(iii) The cardiac changes just described are those generally observed when 
sudden marked vasoconstriction and hypertension are produced experi- 
mentally and the load proves temporarily excessive for the heart to cope 
with. It is likely that if smaller amounts of hypertensin were infused steadily 
for much longer periods compensatory cardiac hypertrophy would take place, 
the cardiac efficiency would increase, and the heart would sustain the hyper- 
tension without signs of failure such as venous engorgement. 

(iv) Although intravenously injected hypertensin produces some con- 
striction of the skin vessels as shown by a fall of sl^ temperature, the 
contraction of these vessels can be readily overcome by chemical agencies, 
e.g, by reactive hypersemia. 

(2) Action on Kidney , — Hypertensin produces important changes in renal 
function (Fig. 212). 

1 Bradley and Parker, J, din. Inveatig,, 1941, 20, 715 ; Wilkins and Duncan, ibid., 721, 
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(i) The renal blood flow is markedly reduced to a greater extent than 
would be expected from the impairment of the heart’s action ; it is therefore 
the result of constriction of the renal blood vessels. 

(iii) Glomerular flltration rate is also cut down, but to a less extent pro- 
portionately than the renal blood flow. 

(iii) The flltration fraction (glomerular filtrate/renal plasma flow) rises, 

INF. 10% HYPERTENSIN 



Fig. 211. — ^Effects of Intravenous Infusion of Hypertensin (Angiotonin) on the Circulation 
in a Normal Man. (Wilkins and Duncan, J. din. Investig., 1941, 20, 729.) 

In arterial pressure records, upper lme=systoKc, lower line = diastolic, vertical lines = pulse pressure. 

At minutes (first interrupted vertical line) commence infusion of a 10% solution of hypertensin, 
at rate of 5 c.c. per minute ; infusion stopped at 32^ minutes (second interrupted vertical line). 

Note : (i) Fall of sWn temperature = constriction of skin arterioles. 

(ii) Decrease in vital capacity —pulmonary congestion (cf. p. 307). 

(iii) Else of venous pressure —heart failure. v 

(iv) Else of systolic, diastolic, and pulse pressures (due to vaaoconstnction). 

(v) Slowing of heart. 

The symptoms are noted on the chart. 

e.g. from 0-2 to 0*3, i.e. a greater proportion of the plasraa flow is filtered out 
into Bowman’s capsule. This finding is attributed to raised intra-glomei^ar 
pressure ; it must therefore be supposed that the efferent glomerular arterioles 
are more markedly constricted than the afferent arterioles (cf. pp. 25, 27). 
(iv) The concentrating power of the kidneys is decreased, i.e. less water 

absorption takes place in the tubules. ^ ^ i* t x i 

(3) The subjective symptoms consist of palpitation, a feeling of substemai 

oppression, dizziness, headache, and nausea. ^ j-t ^ 

Destruction of Hypertensin. — ^Hypertensin is readily desteoyed by 
incubation with tissue extracts or serum which contain a proteolytic enzyme, 
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hy'pertensinase ; this enzyme probably breaks down the hypertensin poly- 
peptide into inactive amino-acids. This enzyme is possibly formed by the 
normal kidney. 



20 40 60 80 
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Fio. 212. — Effect of Infusion of Hypertensin (Angiotonin) on Renal Function in Man. 

(Page, J. ML Sinai Hosp., 1941, 8, 14.) 

Records from above downwards : systolic and diastolic blood pressure ; renal blood flow (diodrwt dur- 
ance) in c.c. per minute ; glomerular filtration rate (inulin clearance) in c.c. per minute ; filtration 
fraction, i.«., glomerular filtrate/renal plasma flow ; arrows indicating volume of injected hyperteMin 
solution. Time in minutes. 

Note : (i) Rise of arterial blood pressure. 

(ii) Decrease in renal blood flow from 1200 c.c. to under 600 c.c. per minute. 

(iii) Reduction in glomerular filtrate from 160 to 76 c.c, 

(iv) Rise in filtration fraction to about 0-3. 

The lower three records are plotted semi-logarithmically. The horizontal line on each of these 
records indicates mean normal values. 

(i) The nejphrectomized animal responds to an injection of hypertensin 
with a greater and more sustained rise of blood pressure than the normal 
animal ; this result may be due ‘to the presence of less hypertensinase. 

(ii) Similarly the grafted ischaemic Indney produces a greater rise of blood 
pressure in the nephrectomized animal (p. 348). 
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(iii) In unilateral ischsemia, removal of tlie normal kidney aggravates the 
hypertension. 

Summary op Mechaiusm op Ischaemic Hypertensiojt. — Ischsemia of 
the kidney disturbs its metabolism leading to the excessive discharge into 
the circulation of the proteolytic enzyme renin which acts on a plasma ag- 
globulin, hypertensinogen, to form the polypeptide hypertensin. The action 
of hypertensin may be potentiated by an “ activator ’’ in the plasma. Hyper- 
tensin is normally destroyed by hypertensinase which is provided mainly by 
the kidney. 

Physiological r6le of Renin. — It has been suggested that when the 
arterial blood pressure falls, renin may be norynally secreted to produce com- 
pensatory vasoconstriction. In support of this hypothesis two observations 
may be quoted : (i) during severe haemorrhage the renin content of the venous 
blood from the kidney rises ; (ii) after nephrectomy animals succumb to a 
smaller loss of blood than do intact animals. Nothing is known about the 
way in which such raised renin secretion is brought about ; it may be the 
direct result of the reduced renal blood flow. 

Little is known about the effects of injection of renin in fnan. Renin of 
animal origin is inactive, and potent preparations of human renin are not 
yet available. 

Clinical Hpertension. — The clinician uses the term hypertension to 
refer to a persistent elevation of both systolic and diastolic blood pressure ; 
the upper normal limit of pressure in the adult is 160 mjm. Hg systolic and 
100 mm. Hg diastolic ; in doubtful cases more significance should be attached 
to the raised diastolic blood pressure. Most cases of hypertension fall into 
one of the following groups : 

(i) Essential 'primary ”) hypertension : (a) benign ; (6) malignant. 

(ii) Secondary hypertension : (a) renal ; (6) endocrine. 

Essential Hypertension, — The condition is so named because its causation 
is not yet established. 

(1) Benign Porm. — In the early stages the hypertension is moderate. 
The blood pressure, especially the systolic, fluctuates considerably : during 
sleep or emotional and physical rest, the pressure may be, normal ; in states 
of stress the pressure rises to pathological levels. Later the hypertension 
becomes ‘‘ fiixed ” in the pathological range and cannot be reduced to normal 
by rest or sedatives like the barbiturates. There is compensatory cardiac 
hypertrophy ; the walls of the small arteries and arterioles’ become thickened 
(p. 354); renal changes appear, e,g. an increased volume of night urine, 
albuminuria or slight hsematuria. * After a period which may vary from a 
few years to 20 years death occurs from heart failure, va^ular accidents 
(hsemorrhage or thrombosis), or renal failure. 

(2) Malignant PoEM.~The condition is so named because death occurs 
within 6 months to 2 years of its first recognition. The blood pressure is 
much higher than in the benign form ; the peripheral vascular changes are 
severe and degenerative (p. 354) and readily observed in the retinal vessels ; 
papilloedema is frequently present. Severe renal failure is common. 

It is possible, but by no means certain, that the benign and malignant 
conditions are not diseases of independent aetiology, but are different grades 
of severity of the same disease. 

The functional changes found in essential hypertension will now be described. 

12 
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common in tiie retinal and cerebral vessels but not in the vessels to skeletal 
muscle, skin, and lungs. The degenerative changes are of the following 
types : 

(i) Diffuse Fibrosis . — This is the common change in benign hypertension. 
There is fibroblastic replacement of the muscular fibres of the media and 



Fig. 213. — Hypertrophic Changes in Interlobular Artery of Kidney in 
Benign Essential Hypertension. 

The interlobular artery has been cut at two points along its course. The section is stained for elastic 
tissue. Note the great uniform increase of the subintimal connective tissue and the numerous newly 
formed layers of elastic tissue. (HadJOield and Garrod, JRecenl Aimnce^ in Paikology, 5th edn,, J. & A. 
Churchill, London, 1947.) 

reduction of the lumen of the vessel by proliferation of the subintimal con- 
nective tissue. 

(ii) Fibrinoid Degenerafoyi . — This process affects many visceral vessels 
but it is noteworthy that in nearly every case the afferent glomerular arteriole 
is affected (Fig. 21 i). There is enormous swelling of the vessel wall owing to 
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Fig. 214. — ^Arteriolar Degeneration in Essential Hypertension. 

A. Kidney. Note fibrinoid degeneration of afferent glomerular arterioles. 

B. Adrftnal cortex. Note great thickening and fibrinoid degeneration of arterioles of 

vary i n g siZC. 

(Hadfleld and Garrod, iZecenf Advances in PcUhology, 5th edn., J. & A. Churchill, London, 1947.) 
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the appearance at first under the intima of hyaline eosinophil structureless 
material which progressively replaces the muscle coat and gradually obliter- 
ates the lumen. The degeneration begins at the proximal end of the afferent 
glomerular arteriole and gradually spreads distally, finally involving the 
glomerular tuft itself (Fig. 215).^ 

(iii) Aaate Arteriolar Necrosis. — This is the typical lesion of malignant 
hypertension. It occurs generally in vessels that have not undergone initial 
hypertrophy and which may still be in the fibrinoid stage. Haemorrhage 
occurs into the vessel wall which simultaneously undergoes necrosis. 

Relation of Hypertension to Structural Changes in Vessels.— 
There is persuasive evidence that both in experimental ischsemic hypertension 



Fig. 215. — Vascular Changes in Ischaemic Rena Hypertension (in the rat). (Wilson and 
Byrom, Lancet, 1939, i, 136.) 

Rat kidney. Necrosed glomerulus with swelling and proliferation of capsular epithelium; flbrinod 
necrosis of afferent arteriole, x 260. 

and in clinical essential hypertension the rise of blood 'pressure is primary 
and the structural changes are secondary. 

(i) Thus the hypertension may set in within a few hours of the production 
of renal ischaemia. 

(ii) In xits, unilateral renal ischaemia often produces a persistent hyper- 
tension. In the ischaemic kidney which is protected (by the clamp on the 
renal arl^ry) from the full strain of the hypertension, the structural changes 
are slight and consist of simple tubular atrophy. In the kidney with the 
free circulation which is consequently fully . exposed to the hypertension 
the typical vascular changes of severe clinical hypertension appear, involving 
the interlobular arteries and the afferent glome^ar arterioles. 

(iii) In experimental rats with rapidly developing severe hypertension, 
and especially when the blood pressure fluctuations are large, the vascular 
changes resemble those seen in malignant hypertension, i.e. they are degenera- 
tive and mainly fibrinoid or necrotic. 

1 It is noteworthy that though pathologically the afferent glomerular vessel is 
principally involved, the clinical evidence suggests that the efferent glomerular vessel is 
more constricted. 
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(iv) In rats in wliich tlie hypertension developed gradually and was more 
moderate, medial hypertrophy of the arterioles was the predominant lesion. 
The structural changes are independent of the presence or absence of renal 
failure. 

(v) The pathological evidence suggests that in clinical hypertension 
likewise the rise of blood pressure is primary and the structural vascular 
changes are secondary. 

Cause op Essential Hypertension. — If the above reasoning is correct, 
the increased peripheral resistance which produces the hypertension must 
initially be due to an active contraction of the walls of the arterioles. Such 
vasoconstriction may be due to sympathetic overaction or to the presence of 
a circulating pressor agent. 

(1) Sympathetic Overaction, — (i) In favour of this view is the marked 
influence of emotional tension in producing or aggravating the hypertension. 

(ii) The blood pressure is temporarily reduced by full doses of the barbi- 
turates ; these drugs are known to depress the hypothalamic nuclei. 

(iii) Section of the splanchnic nerve and the lateral sympathetic chain in 
selected cases markedly lowers the blood pressure for months or years. It 
is doubtful, however, whether lasting effects are commonly produced by these 
operations. 

(2) Circulating Agent, — In view of the many resemblances between essen- 
tial and experimental ischaemic hypertension, it has been suggested that in 
essential hypertension a circulating pressor agent is involved. But in the 
early stages of the clinical condition there are no anatomical changes in the 
renal vessels which could produce ischaemia ; if there is initial renal ischaemia 
it must be due to spasm of the vessel walls due either to sympathetic over- 
action or to some unidentified pressor substance. Once, however, the hyper- 
tension is established (by whatever means) the raised blood pressure second- 
arily produces structural changes m the blood vessels including especially 
those of the kidney. As the small vessels become thickened and narrowed a 
permanent increase in peripheral resistance occurs which is unamenable to 
treatment. The renal changes produce renal ischaemia with the possible 
release of excess renin and - the consequent formation of hypertensin. A 
hypertensive vicious circle might thus be established : hypertensin produces 
renal ischasmia ; the renal ischaemia results in increased circulating hyper- 
tensin and greater hypertension ; the increased hypertension produces more 
severe renal ischaemia and thus the hypertension steadily mounts and the 
renal damage becomes progressively more grave. This plausible and attrac- 
tive hypothesis suffers from the defect that neither excess renin nor hyper- 
tensin have yet been demonstrated in the arterial or venous blood in essential 
hypertension whether renal failure was absent or present. 

Secondary Hypertension. — (1) Endocrine Group. — Hypertension 
occurs in tumours of the adrenal medulla (phcsochromocytoma, p. 734) and in 
some cases of Cushing^ s syndrome {hypercortism), ^ ^ ^ 

(2) Renal Group. — In this group of cases which constitute about 10% 
of all cases of hypertension there is clear evidence that the renal lesion is 
primary f i,e, it undoubtedly precedes the development of hypertension and 
is supposed to be the causal factor. 

(i) Glomerulo-Nephritis, — rin Type 1 nephritis (p. 75) the inflammatory 
process markedly affects the renal vessels and produces gross renal 
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ischaemia. A hypertensive vicious circle may thus be set up leading to 
mounting hypertension and progressive renal destruction as explained on 
p. 357. 

(ii) Surgical ” Kidney Disease , — Cases have been recorded in which 
unilateral or bilateral hydro- or pyelonephrosis was associated with hyper- 
tension : removal of the affected organ, when the disease was one-sided, led 
to complete return of the circulation to normal. It is likely that the disease, 
in such cases, mainly affected the renal blood supply and led to excessive 
secretion of renin and consequently to excessive formation of hypertensin.^ 
These cases are uncommon. 


DISORDEES OP PEEIPHEEAL CIRCULATION 

Raynaud Disease.^ — This condition affects the parts of the body that 
are particularly influenced by exposure to cold, most commonly the hands, 
and less often the feet, ears, or nose. If patients with this disease are exposed 

to external cold when the skin tem- 
perature is also low, attacks develop 
in which the skin (usually of the 
hands) becomes discoloured and 
numb. The sequence of events is as 
follows : The digital arteries become 
completely closed, first at the finger- 
tips and later at the bases ; the cir- 
culation in the fingers consequently 
ceases. This vascular occlusion leads 
after a short delay to two secondary 
events : (i) numbness, from loss of 
function of the cutaneous sensory 
nerve endings ; (ii) closure of the 
capillaries and venules, and there- 
fore blanching of the skin. When 
recovery sets in, the skin becomes 
first violet and later red in colour. 
The latter flush is due to vascular 
dilatation, i,e, the reactive hyper- 
semia which always follows on 
vascular occlusion, however induced 
(p. 329). Small areas of necrosis 
may appear at the finger-tips after repeated attacks. 

The mechanism involved in the attacks must now be considered. They 
are not due simply to excessive vasoconstrictor discharges along the sym- 
pathetic nerves ; thus paralysis of the vasoconstrictors with procaine during 
an attack does not reUeve the spasm, or only slightly, and after considerable 
delay ; in normal subjects, on the other hand, even when the skin is cold, this 
procedure leads to imm ediate vasodilatation (Pig. 216). Attacks of Raynaud’s 

1 Weiss and Parker, Medicine, 1939, 18, 221. 

London, 1936. Lewis and Pickering, Clin, Sei., 



Fig. 216 . — Vasodilatation produced by 
Paralysis of Vasoconstrictors in Man. 
(Observations by Dr. C. A. Keele.) 

Ordinate : skin temperature. 

The right finger serves as a control. 

At the point indicated by the arrow, procaine was 
injected into the left ulnar nerve. The left 
finger shows marked vasodilatation as indicated 
by the rise of skin temperature, owing to vaso- 
constrictor paralysis. 
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disease can occur in severe cases even after sympathectomy. Lewis attributes 
the disease primarily to an ahnormality of the small peripheral vessels of the 
order of size of the digital arteries. An attack can be brought on by local 
cooling of the digital arteries, the spasm being confined to the part' which 
has been cooled. (Normal vessels never react in this way.) 

When the body is exposed to cold the surface vessels are constricted partly 
by a direct action and partly reflexly through the sympathetic vasomotor 
nerves (p. 328). In normal subjects the superficial vessels are markedly 
narrowed ; in Raynaud’s disease, however, owing to the additional factor 
of the local ahnormality , the vessels become completely closed. But if the 
hand of a patient is kept warm, general exposure to cold which can now act 
only reflexly on the blood vessels does not induce an attack. Following 
sympathectomy the blood vessels m the limb become dilated and perhaps 
more resistant to the effects of local cold, and of course they cannot be 
influenced reflexly by vasoconstrictor nerves ; but there is not complete 
immunity to attacks (cf. p. 361). 

Sympathectomy for Vascular Disorders in Man.^ — The immediate 
vascular changes following sympathectomy are the same whether the 
operation is performed on the preganglionic fibres, the sympathetic ganglia 
or the postganglionic fibres, so long as all the fibres supplying the part are 
severed. The end results depend : (i) on whether regeneration of fibres takes 
place ; (ii) on the natural course of the disease for which the operation is 
carried out. 

Upper Limb. — The operation of choice is a preganglionectomy. The 
lateral sympathetic chain is cut between the third and fourth thoracic 
ganglia ; this divides all the preganglionic fibres destined for the arm which 
leave the spinal cord below Th3 (cf. p. 709). To cut any possible preganglionic 
outflow in Th2 and Th3 the dorsal and ventral roots are severed and a piece 
of the 2nd and 3rd intercostal nerves cut out. Finally the distal end of 
the sympathetic chain is turned up and stitched to muscle to prevent 
regeneration.® 

> Lower Levib. — The operation is mainly a preganghonectomy : the 
second, third, and fourth lumbar gangha and the intervening sympathetic 

1 Adson and Brown, Arch. Neurol. Psychiai., 1929, 22, 322. Lewis and Landis, Heart, 
1930, 16, 151. 

* The older operation was mainly a ganglionectomy : it consisted of removal of the 
stellate ganglion, i.e, the first thoracic and inferior cervical ganglia, and division of the 
communicating branch to the first thoracic nerve from the second which often receives 
a grey ramus from the second thoracic sympathetic ganglion. Such an operation destroys 
most of the excitor cells supplying the upper limb and divides the connector fibres passing 
to the middle cervical ganglion. As the excitor cells are extensively removed the risk 
of regeneration is minimal. The operation has two disadvantages, one real and one 
speculative. 

(i) The real is due to dividing the sympathetic fibres to the head and neck and so 
producing Homer’s syndrome (p. 708), especially drooping of the upper lid and con- 
striction of the pupiL 

(ii) The speculative is based on the fact that the degeneration of the postganglionic 
fibres and terminals which follows gangMonectomy increases the sensitivity of the 
denervated parts to the action of injected or naturally secreted adrenaline (p. 7^). 
Therefore any adrenaline which is poured out in states of emotional stress, physical 
exertion, or exposure to cold might produce an undue degree of vasoconstriction which 
would tend to ann ul the dilator efieots of the sympathectomyt 
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trunk are removed. [The preganglionic outflow to the lower limb is from 
the lower thoracic and upper lumbar roots (p. 709).] 

Results or Sympathectomy. — After a successful operation vasodilatation 
immediately sets in, as shpwn by a rise of skin temperature, flushing of the 
skin, and increased loss of heat ; the superficial veins are also relaxed. This 
occurs in subjects with normal blood vessels {e.g. patients with spastic 
paralysis in whom the sympathetic was divided under the erroneous impression 
that it would decrease skeletal muscle tone), and in appropriately selected 
cases of vascular disorder. Reflex sweating and pilomotor reactions are 
abolished. The dilatation may persist for^months or years. After a time 



Ordinate : skin temperatuie. 

The body Is placed In a heating chamber, but the arms are excluded. In 
the normal person and in the case of acrocyanosis the rise of body 
temperature produces marked vasodilatation in the fingers as shown 
by the progressive rise of skin WShperature (cf. Pig. 198). No 
vasodilatation (no rise of skin temperature) occurred in this case of 
Buerger’s disease (thromboangiitis obliterans) (cf. p. 361). 

the skin becomes jpaler on the operated side because of contraction of the 
small superficial vessels ; Lewis suggests this is due to the increased blood 
flow through the skin preventing the natural local vasodilator substances from 
accumulating to their normal concentration. 

Indications pob Sympathectomy. — Before sympathectomy is performed 
for the relief of disorders of the peripheral circulation, certain preliminary 
tests must be carried out to determine what the immediate outcome of the 
operation is likely to be,^ 

(i) Inject procaine into, a suitable nerve [e.g. the ulnar or peroneal) to 
paralyse the vasoconstrictor fibres. In the normal person marked vaso- 
dilatation and a ^eat rise of skin temperature from 20® to 30° C.) occur 
in the corresponding fingers or toes (Fig. 216). 

1 Lewis and Pickering, Ueart, 1931, 16, 33. 
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(ii) Spinal ansesthesia may be induced up to the level of the mid-thoracic 
cord to paralyse the vasomotor fibres to the legs. Similar results to those 
described in (i) supra are normally obtained in the toes. 

(iii) The patient is enclosed in a suitable chamber, the temperature in 
which can be raised; the limbs to be investigated are kept outside the 
chamber. As the chamber temperature rises, the body temperature goes 
up. The heated blood acts on the vasomotor centre diminishing the vaso- 
constrictor discharge to the excluded limbs; afferent impulses from the 
heated skin also act reflexly in the same way (p. 327). Skin temperature in 
the excluded limbs (especially in the fingers and toes) rises owing to the 
resulting decreased vasomotor tone ; there may perhaps also be active 
stimulation of the sympathetic vasodilators (Fig. 217). 

(iv) In cases where the decreased blood supply to muscles is under analysis 
the blood flow to the calf or forearm (using the technique of venous occlusion 
plethysmography (p. 305) should be examined before and after blockmg the 
vasoconstrictor nerves, to see whether any increase takes place. 

Unless the above positive reactions are obtained, sympathectomy not 
produce even immediate or transient benefit and is entirely contra-indicated. 
Positive reactions {i,e. vasodilatation) are elicited in acroci/anosis (Fig. 217), 
and in patients with Raynaud's disease hetween the attacks. 

Results oe Sympathectomy. — (1) Raynaud's Disease. — In this disease 
sympathectomy often produces temporary benefit, but the lasting improve- 
ment is less spectacular. Various explanations have been offered for these 
somewhat disappointing results. Lewis suggests that the disease is due to 
a primary disorder of the vessel wall of a progressive character ; under these 
circumstances the most that can be hoped for is that the frequency and 
intensity of the attacks of vascular spasm will be diminished. In some cases 
regeneration of the sympathetic fibres (as shown by return of reflex vaso- 
dilatation and sweating) is a factor. 

(2) Thromboangiitis Obliterans.^ — In this disease, orgamc changes in the 
main arteries of the legs lead to partial occlusion of the lumen and a decreased 
blood flow to the distal part of the limbs. The patient complains mainly of 
the results of relative ischasmia of the muscles during wallong (intermittent 
claudication, p. 751) ; in addition, there may be trophic changes in the skin 
from inadequate blood supply. Sympathectomy cannot increase the lumen of 
the affected large vessels, but it may help in another way. The blood supply 
to the distal parts of the limb is kept up in this disease mainly by way of a 
collateral circulation from the normal vessels above the block. Sympathec- 
tomy by dilating arterioles might improve such collateral circulation ; ^ it also 
relaxes the a lHn vessels and to a less extent the muscle vessels. Examination 
by methods (i) to (iv) supra will show how much improvement in skin (Fig. 217) 
and especially in muscle flow is likely to follow sympathectomy , A few selected 
cases have benefited from the operation.^ 

1 Also called Buerger's disease. 

* Of. Ascroft, BrU. J. Surg., 1937. 24, 787 ; Brit, tried. J., 1937, ii, 173. 
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IV 

RESPIRATION ^ 

GENERAL CONSIDERATIONS ^ 

Subdivisions of Lung Volume ^ (Kg. 268). — (1) Tidal Aie {resting tidal 
volume) is the volume of air breathed in or out of the lungs with every quiet 
respiration. The normal range is 350-500 c.c. 

(2) Complementary Air {inspiratory capacity) is the volume of air that 
can be taken in after a normal expiration by a maximum inspiratory effort ; 
it includes the tidal air. Its volume is 2000 to over 3500 c.c. 

(3) Reserve Air {expiratory reserve volume) is the largest volume of air 
that can be expired after a normal expiration. The average is about 1500 c.c. 

(4) Vital Capacity ^ is determined by measuring the maximum volume 
of air that can be exj^ired after a maximal inspiration ; the range is 3500 
to over 5000 c.c. It is the deepest breath that we can take, and is about 
eight times as great as the normal-sixed breath. The vital capacity varies 
with the size of the individual and the use to which he has put his respiratory 
apparatus. It is related to the surface area ; it amounts to 2*6 litres per 
square metre of surface in a male, and 2*1 litres per square metre in a 
female (on the average). Most normal people have a vital capacity within 
10% of these values. Vital capacity is affected by the following factors : 

(i) The development and power of the respiratory muscles : it is increased 
in athletes, especially those who use their respiratory apparatus vigorously, 
e.g. swimmers or divers ; it is increased by practice ; it is decreased in general 
physical weakness {e,g, by 20-30%) and in older people. 

(ii) The integrity of the respiratory centre, its descending tracts, the related 
spinal motor neurones and the respiratory muscles : the vital capacity is 
therefore decreased when the respiratory centre is depressed by narcotics ; 
in injuries to the spinal cord, e.g. trans-section in the cervical or thoracic 
region ; destruction of spinal motor neurones (cells or efferent fibres), e,g. 
in poliomyelitis, ventral nerve root lesions, avulsion of the phrenic nerves ; 
and in (hsorders of the muscles, e.g. myasthenia gravis or therapeutic 
curarization. 

(iii) Patency of respiratory pathways : the vital capacity is decreased 
by obstruction of the larynx, trachea, bronchi or bronchioles. 

(iv) The volume of hlood in the lungs (cf. p. 307) : vital capacity is greater 
in the standing than in the sitting or recumbent position partly because of 
the decreased pulmonary blood volume. In congestive heart failure the vital 

^ See Haldane and Priestley, Respiration, New Haven, new edn., 1935. For methods, 
see Douglas and Priestley, Human Physiology, Oxford, 3rd edn., 1948 ; Peters and Van 
Slyke, Quantitative Clinical Chemistry, Methods, London, 1932. 

* Miller, The Lung, Springfield, lU,, 1937. 

® For terminology, see Fed. Proc., 1960, 9, 602. 

*' Hurtado and Boiler, J. din. Investig., 1933, 12, 793. 

362 



VITAL CAPACITY 


363 


capacity is decreased proportionately to the degree of pulmonarv con<yestion 
(and oedema). (Cf. also Fig. 211.) ^ ^ 

(v) Sjpace-occupying lesions of the thorax, e.g, pleural effusion, closed 

pneumothorax (cf. p. 371) or tumours, which reduce to some extent the 
maximal air entry into the lungs. In patients with open pneumothorax 
the vital capacity is further reduced because air enters via the opening in 
the chest wall as well as by the normal path (p. 368). ^ 

(vi) Disease of the lung substance^ e.g, fibrosis or pulmonary tuberculosis, 
which interfere with its expansion. There is also a marked reduction of %dtal 
capacity in emphysema. The explanation is not clear : it has been attributed 
to decreased lung elasticity, which impairs the efficiency of expiration, or to 
fixation' of the costo-sternal junctions, which interferes with the respiratory 
movements of the ribs (p. 459). 

(vii) (Edema of the lungs, wldch results from many causes (p. 116) decreases 
vital capacity partly because the fluid replaces air and partly because the 
respired air and fluid are beaten up into a froth which mechanically hinders 
the flow of air to and from the lungs. 

(viii) Abnormalities of the bony thoracic cage : for example, deformities 
of the vertebral column, sternum or ribs, or fixation of the costo-sternal or 
costo-vertebral joints reduce vital capacity. 

(ix) The respiratory movements and vital capacity may be reduced by 
pain {e.g. of pleurisy or of some abdominal disorder), or hampered mechanically 
by an increase in the intra-abdominal contents due, e.g. to pregnancy, tumour, 
ascites or flatus. 

{x)lD.exophthalmic goitre the vital capacity is reduced for an unknown reason. 

Relation of vital capacity to dyspnoea, — As the depth of breathing approaches 
the vital capacity subjective feelings of discomfort {dyspnoea) develop. 
Patients with reduced vital capacity consequently become breathless on 
exertion more readily than normal people (cf. p. 455). 

On an average there is a fairly satisfactory relationship between the 
clinical estimate of respiratory efficiency and the degree of reduction of the 
vital capacity. But some patients who have extensive pulmonary disease 
may show a vital capacity which is within normal limits ; significance can 
therefore only be attached to a low value for the vital capacity. 

(5) Kesidual Air (or Volume) is the air which remains in the lungs 
after a maximal expiration ; it can only be expelled by opening the chest 
widely and allowing the lungs to collapse. The average volume in adults 
is 1500 c.c. The functional residual air (or capacity) is the volume of air left 
in the lungs after a normal expiration. It is roughly equal in volume to 
that of the alveolar air (infra). 

(6) Total Lung Volume (or capacity) is the sum of the residual air and 
the vital capacity ; on an average it is 5500 c.c. 

(7) Alveolar Air. — ^As the bronchioles branch and become smaller 
their columnar ciliated epithelium becomes modified into a cubical epithelium 
The terminal branches are called respiratory bronchioles (Fig. 218), because 
in places the normal bronchial wall is replaced by patches of thin flattened 
cells through which gaseous interchanges can take place. Each respiratory 
bronchiole leads into an expansion, the vestibule^ from which arise several 
passages, the atria. Each atrium leads into two or three air^sacs (infundi- 
hula) ; the walls of the air-sacs are studded with minute evaginations, the 
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alveoli, Tlie alveoli are lined by large, thin, flattened cells, but in places 
clumps of cubical granular cells are seen. External to the lining epithelium 
are yellow elastic fibres and numerous thin-walled blood vessels. The term, 
alveolar air, does not refer to the air which is present in the anatomical 
alveoli, but is used to describe the air in the deaths of the lung which is more 
or less in contact with the resfiratory epithelium, and can thus carry out gaseous 
interchanges with ike blood. Alveolar air is a physiological and not an anatomi- 
cal entity. It is approximately equivalent to the “ functional residual air,” 
i.e. the sum of the reserve air and the residual air ; the average volume is 


about 3000 c.c. 

A sample of alveolar air can be collected by the method of Haldane and 
^ Priestley. A rapid maximal expiration is 

made down a narrow tube about 4 feet long, 
> ^ and a sample is obtained pf the air which 

^ /O. is expelled last from the lungs. By this 

A ^ ( \ means the air in the mouth, pharyM, and 

V \ passages (the dead-space air, infra) is 

QiA driven out and alveolar air from the depths 
^ of the lung is collected ; it is analysed with 

Oy? 1 Haldane gas analysis apparatus. The 

j /( J I 7 ^ Y composition of alveolar air is : CO 2 4'7-64% 
7 ; \ \\ (average 5*6%), oxygen about 14%, nitrogen 

I I ^ saturated with water vapour at 

a body temperature. The average tension (or 

% pressure) of alveolar COg is 40 mm. Hg ; that 

\ of alveolar oxygen is 100 mm. Hg. 

% a The tension of the gases in alveolar air 

V is calculated from the percentage composition 

Pig. 2ia.-Diagram of Termina- thus : the total pressure exerted by all the 
tion of Respiratory Bronchiole, gases in alveolar air is equal to atmospheric 
6«Respiratory bronchiole; c-Veati^ pressure (e,g, 760 mm. Hg). Alveolar air is 

saturated with water vapour at 37° 0. which 
exerts a pressure of 47 mm. Hg ; the 
pressure of the dry gases (COg, Og, Ng) is consequently 760— -47 ==713 mm. 

The average tension of COg is therefore x 713=40 mm. ; that of Og is 
14 

X 713=100 mm. 


The breathing is normally adjusted to maintain a fairly constant com- 
position of the alveolar air, because the alveolar air regulates the tension of the 
gases in the arterial blood. Enough fresh air has to be introduced into the 
alveoli to replace the oxygen taken up by the blood, and to get rid of the 
COg which has come out of the blood. The venous blood which arrives at the 
lungs gives off COg and takes up oxygen until it comes into equilibrium with 
the air in the alveoli. The tensions of the gases in arterial blood are therefore 
normally about equal to those in alveolar air. The arterial gas terisions can 
thus be approximately deduced if the alveolar gas tensions are known, so long as 
the pulmonary epithelium is normal in character. 

(8) Dbad-Spaob Air is found in the air passages, i.e. the nasopharynx, 
trachea, bronchi. It does not come into contact with the pulmonary 
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epithelium and carries out no interchanges with the blood. Expired air is a 
mixture of dead-space air (which is identical in composition with inspired 
air) and of alveolar air. The volume of the dead space can be calculated if 
the composition of inspired, expired, and alveolar air and the volume of the 
tidal air are known.^ 

The formula usually used is ; 

Dead Space = 

Tidal air x (C02% in alveolar air— C02% in expired air ) 

C 02 % in alveolar air. 

It is probable that the anatomical dead space — ^in other words, the actual 
capacity of the respiratory passages — ^alters little in dijBferent clinical condi- 
tions and is affected only by constriction or dilatation of the bronchioles. 
Calculated in the manner described above, the dead space usually amounts 
to about 150 c.c. and constitutes 25-30% of the tidal air. 

Air Movements during Respiration.— During inspiration the sine of 
the thoracic cavity is increased. The air in the depths of the lungs follows 
the outward movement of the chest wall. As the capacity of the lungs 
is increased, first the dead-space air and, later, the fresh air from outside 
enter the depths of the lungs. One must imagine an interface between 
the air previously present in the alveoli, and that which has newly entered, 
across which gaseous interchange occurs. The newly inspired air does not 
come directly into contact with the pulmonary epithelium. The inspired 
air during qidet breathing amounts to only one-seventh of the air permanently 
present in the lungs. The aUeration froduced in the alveolar air by the fresh 
air brealheijust compensates for the interchanges which are taking place between 
the alveolar air and the pulmonary blood. The efficiency with which the tidal 
air ‘‘ washes ” the alveolar air depends to a considerable degree on the 
amplitude of breathing. If the depth of the breathing were reduced to the 
size of the dead space no ventilation of alveoli would take place at all. 

Laws of Gases.2 — (1) At constant temperature, the volume (V) occupied 
by a gas is inversely proportional to the pressure (P). (PV = constant.) 

(2) At constant pressure, the volume of a gas is proportional to the absolute 
temperature (0® C. is 273® on the absolute temperature scale). 

(3) The partial pressure or tension of a gas, in a mixture of gases having 
no action on one another, is equal to that which the particular gas would 
exert did it alone take up the space occupied by the mixture ; in other words, 
in a mixture of gases at a certain pressure, the total pressure is divided 
between th® different gases in proportion to their relative volumes. 

1 This is shown by the following example : 

Volume of tidal air=500 c.c. COj content per cent, of inspired air=0 ; of expired 
air=4*0 ; of alveolar air==6*0. Let a:=yol. of dead space. 

Amount of alveolar air in c.c. present in expired air is 500— a;. 

Volume of COj in c.c, in expired air=vdL of CO, in dead space-fvoL of CO, in 
exhaled alveolar air. 

Substituting : 

600 X 4=a;x 0+(500-a;)x 6 
100 100 
2000=3000-6a;. 

Cx=1000 c.c. 

3:= 166 c.c. 

* Crockford and Knight, Physical Chemistry, N.Y., 1950. 
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(4) The amount of gas going into solution in a liquid which has no chemical 
attraction for the gas depends on its solubility and is proportional to the 
partial pressure of the gas. 

The solubility of the respiratory gases in c.c. per 100 c.c. of water, 
plasma, and blood at 55® G. and 760 mm. Eg pressure is as follows : 



Wateb. 

Plasma. 

Blood. 

Oxygen 

2*37 

2*30 

2*30 

Nitrogen . 

1*20 

1*20 

MO 

CO, . 

65*6 

64-1 

54*1 


Note that the solubility is diminished by the presence of salts in plasma 
and blood, and that COg is far more soluble than either O 2 or Nj. 

Tension of a Gas in a Liquid. — The meaning of this expression is a 
little difl6.cult to grasp and is best illustrated as follows : if a liquid is exposed 
for a sufldcient length of time to a certain pressure (tension) of a gas, e,g 
if water is exposed to a pressure of CO 2 of 40 mm. Hg, the molecules of the 
gas (CO 2 ) pass into solution in the liquid until ecjuilibrium is reached; the 
tension of the gas (CO 2 ) dissolved in the water is then the same as the 
tension of the gas outside, i,e. it is 40 mm. Hg. One must picture the dis- 
solved molecules of the gas as having been “ bottled ’’ in the liquid under 
pressure, and that these molecules are trying ” to escape from the liquid 
with a pressure equal to that with which they were driven in. If the liquid 
is exposed to a higher CO 2 pressure, e.g. 46 mm. Hg, more CO 2 passes into 
solution ; if to a lower pressure, e.g. 35 mm. Hg, CO 2 leaves the solution ; if 
to the same pressure (40 mm. Hg) no loss or gain of CO 2 takes place. Two 
gases may be dissolved in a liquid at the same tension and yet the volumes 
in solution may be very different, depending on the respective solubility 
of the gases. Thus (at 38® C.) 100 c.c. water which are exposed to a COj 
pressure of 40 mm. hold about 2*5 c.c. CO 2 in solution ; but exposed to the 
same pressure of Og, only about 0*12 c.c. of oxygen passes into solution 
(though the tension of the two gases in the water is exactly the same). The 
tension of a gas in a fluid may be determined by exposing it to various gas 
mixtures of different compositions, and finding with which it is in equili- 
brium, ^.e. when no gas is given off or taken up. Krogh’s method (p. 367) 
may be employed in experiments on the blood of animals. 

Gaseous Interchanges in the Lungs. — The gaseous interchange 
between the alveoli (air-sacs) and the pulmonary capUlary blood depends 
entirely on the physical process of diffusion, i,e. on the difference of gas 
pressures in the blood and the alveolar air. There is no active intervention 
(so-called gas secretion) by the pulmonary epithelium. The velocity of 
gaseous exchange between the lungs and the blood depends on : (i) pressure 
difference, (ii) solubility of the gas in blood, (in) the properties of the membrane. 

, Pressure gradient x solubility of gas ^ 

Velocity of exchange « ^ x K 

V density of gas 


where K = 


0*139 X area of lung surfa^ 
tfickness of lung membrane' 



GAS PRESSURES IN BLOOD 


367 


The pressure gradient in the case of CO^ is one-tenth that of O 2 , the density 
of CO 2 is 4A compared with 32 for O 2 , but COg is about twenty-five times as 
soluble as Og. COg, therefore, diffuses out into the alveoli more quickly than 
O 2 diffuses into the blood in spite of the disparity in the pressure gradients 
for the two gases. 

The area of the lung surface is assessed at 55-70 sq. metres ; the surface 
area of the pulmonary capillaries is said to be 40 sq. metres ; the volume of 
blood present at any moment in the capillaries is about 60 c.c. An extremely 
fine stream of blood presenting an enormous surface and flowing through 
very short capillaries in less than 1 second (p. 307) is thus exposed to the 
alveolar air and is separated from it by two very thin membranes, i.e, the 
pulmonary epithehum and the capillary endothelium. 

Deteemination of Gas Peessures in Arterial and Mixed Yenous 
Blood. — By means of Krogh's aerotonometer the tension of the gases in arterial 
and venous blood can be determined in experimental animals. A cannula 
is introduced into the pulmonary artery or into a systemic vessel. The blood 
to be examined is then allowed to play for many minutes on a small air bubble 
in the apparatus until equilibrium is established. As the volume of the gas 
bubble is small and that of the blood which comes in contact with it is very 
large, the gases in the bubble come into equilibrium with the gases in the 
blood. The bubble is analysed, the gas tensions in it are calculated, and thus 
the blood-gas tensions are determined. 

In man the gas tensions in the mixed venous blood, i.e. that in the right 
heart or pulmonary artery, may be determined directly by collecting a 
sample of blood from the right auricle (p. 279). Arterial blood may be taken 
directly from a peripheral artery like the radial into a special syringe ; a 
gas bubble is then introduced into the blood in the apparatus and allowed to 
remain in contact with it until equilibrium is established ; the bubble is 
then analysed. 

The following Table shows the average results which are obtained : 


i 

0, Tension. 

CO, Tension. 

Alveolar air . . . 


100 nun. Hg 

40 mm. Hg 

Mixed venous blood (at rest) 

, 

40 mm. „ 

46 mm. ,, 

Arterial blood 

• 

100 mm. „ 

1 

40 mm. „ : 

i 


The differences in gas tension between alveolar air and blood are such as 
enable gaseous interchange to take place by diffusion, i.e. difference of gas 
tension on the two sides of the pulmonary epithelium. The oxygen tension 
in alveolar air is about 100 mm. Hg, in venous blood it is 40 mm. Hg, i.e. 
there is a difference of pressure of over 60 mm. Hg on the two sides of the 
membrane. The corresponding CO 2 tensions are 40 mm. and 46 mm. ; the 
difference of pressure in this case is quite small, only 6^ mm. Hg. As CO 2 
passes very readily through the pulmonary epithelium, it can be calculated 
that this small difference of tension is sufficient to eliminate &om the body 
about 10 litres of CO 2 per minute. A difference of CO 2 tension across the 
lung membrane of 0*12 mm. Hg is sufficient to enable the resting output of 
CO 2 (200-250 c.c. per minute) to take place. 
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Intrapleural Pressure.^ — The intrapleural space is very small in the 
living animal, as the visceral and parietal layers of the pleiura are practically 
in contact. The pressure in the pleural cavity is subatmospheric ; it is 
—5 mm. Hg (i.e. 5 mm. lesis thin atmosphric) during expiration and —10 mm. 
Hg during inspiration. The pressure in the lungs is about 1 atmosphere, as 
they are in free communication with the outside air. The full intrapulmonary 
pressure is not transmitted to the pleural cavity, however, owing to the 
elastic recoil of the lungs (Fig. 219). The more the lungs are stretched, the 
greater is their tendency to recoil- Consequently, the more the lungs are 
distended by a deep inspiration, the more subatmospheric (^.e. more negative) 
does the pressure in the pleural cavity become. As previously pointed out 
(p. 275), the negative intrapleural pressure aids the venous return to the 

chest. If the chest wall is widely opened, 
air enters the pleural cavity and the lungs 
collapse {vide infra), 

Pneumothorax.2 — By pneumothorax 
is meant the presence of air (or other gas) 
in the pleural cavity. A pneumothorax 
may be (i) open, when air can pass freely 
in and out of the pleural cavity through 
an opening in the chest wall or in the lung 
itself; (ii) closed, when the air is im- 
prisoned in the pleural cavity ; (iii) valve 
type, when air enters freely (during in- 
spiration) but cannot pass out (during 
expiration). 

Experimental Open Pneumothorax. 
— In some animal species, e.g, dog, the 
mediastinal structures possess negligible 
resistance — ^they are not rigid and unyield- 
ing ; the pressures in both pleural cavities 
are consequently always the same within 
practical limits. Thus, in the dog, when a 
hole is made in the chest wall, air enters the 
pleural cavity on that side, the increased 
pressure is readily transmitted to the opposite side too, and Jthere is an equal 
rise of pressure on the t%o sides. The response to this hindrahce to breathing 
consists of an increase in the depth of respiration. Thei^e ppints are well 
illustrated in Fig. 220. An opening in the left pleura was madeiat the point 
indicated by the first arrow. Immediately after, there is a chafige of pressure 
in both pleural cavities, from one which is wholly negative (during both 
phases of respiration) to one which is mostly positive. Respiration is increased 
in amplitude and slower ; in spite of the larger chest movements very little 
air enters the lungs, and; the tracheal pressure is practically steady at the 
atmospheric pressure line. On closing the opening (second arrow) there is 
an immediate response in both pleural cavities with restoration to a large 
extent of the negative pressure. More air now enters the lungs, as is 

^ Prinzmetal and Konntz, Medicine, 1935, 14, 457 

* Graham and Bell, Amer, J, Tried, Sci,, 1918, 156, 850. Christie and McIntosh, Quart, 
J. Med,, 1936, 5, 445. Alexander, CoUapee Therapy, London, 1937 



Fig. 219. — ^Mode of Production of 
Negative Intrapleural Pressure. 




EXPERIMENTAL OPEN PNEUMOTHORAX SGii 

shown by the larger tracheal pressure oscillations. Breathing still remains 
slow. 

It is obvious that under the experimental conditions described, when the 
thorax is enlarged during inspiration, air 
will enter by hotli available inlets^ ke, the 
glottis and the new opening in the chest 
wall. It must be remembered that the 
elasticity of the lung, and the frictional 
resistance in the air passages always 
impede the entry of air into the lungs ; 
if the artificial opening is big enough, 
practically no air enters the lungs even 
when the breathing becomes maximal in 
depth ; instead, all the air enters by the 
pneumothorax opening, and death from 
asphyxia rapidly supervenes. The smaller 
the new opening and the greater the 
compensatory increase in breathing, the 
more likely is air to enter the lungs. 

Graham has calculated (on the unproven 
assumption that conditions in man are the 
same as in the dog) that in a person who 
could increase Ms tidal air to a vital 
capacity of say 3500 c.c., the largest size 
of opening in the chest compatible with 
life is 5x10 cm. (area of glottis is 2-25 
square cm.) ; in other words, just enough 
air could be introduced into the lungs 
under these circumstances to ward off 
asphyxia, but only for a short time (cf. 
p. 370). 

Open pneumothorax involves further 
complications : (i) constant risk of in- 
fection of the exposed lung ; (ii) rapid 
heat loss — ^the temperatme of an animal 
with an open pneumothorax may fall 
by 3*5® F. in 45 minutbs, while if the 
abdomen is opened and the intestines 
are drawn out, the temperature only falls 
by 1® F. in the same period ; (iii) as the 
mediastinal structures flap from one side 

Fig, 220. — Acute Experiinental Open Pneumo- 
thorax. (After Graham and Bell, Amer. 

J. med. ScL 1918.) 

Dog. Ether Ansesthesia. Records from above down- 
wards are respiratory movements, tracheal pressure, 
left intrapleural pressure, right intrapleural pressure. 

The horizontal line on ea<ai record represents the 
atmospheric pressure level. Time at bottom In 
seconds. 
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to the other with inspiration and expiration, the heart’s action may be 
impeded. 

When an open pneumothorax is converted into a closed one, immediate 
and striking relief is obtained (Fig. 220), This is not due to absorption of the 
air (though this does occur gradually into the blood), because the improve- 
ment is so very rapid in onset. The explanation is that now, when the chest is 
enlarged during inspiration, the additional space made available is taken up 
by air which enters the lungs only ; asphyxia now occurs only when so much 
chest space is taken up by the pneumothorax that the minimum air require- 
ment cannot enter the lungs. 

Pneumothorax in Man.^ — It is believed that the normal mediastinal 
structures in man (as in dog) possess little resistance, with the result that 
the pressure in both pleural cavities tends to be approximately the same. 
But if the mediastinum is diseased it becomes much more resistant and 
unyielding ; pressure changes are then not necessarily transmitted readily 
from one pleural cavity to the other. There appear to be no observations 
in man as to what happens to the pleural pressure on the intact side in cases 
of traumatic open pneumothorax. The pressure in the open pleural cavity 
is of course atmospheric ; in the intact cavity it is probably subatmospheric 
to a degree which depends on the state of the mediastinum. Under these 
conditions the chest cavity may be regarded as divided into two distinct 
compartments which function largely independently one of the other. As 
the pressure in the pleural cavity and that inside the lung on the affected side 
are both atmospheric, the lung on that side collapses by virtue of its own 
elasticity. During inspiration, the enlargement of the intact half of the 
thoracic cavity leads to normal expansion of the lung on that side ; the 
enlargement of the chest on the affected side leads to air being aspirated into 
the open pleural cavity from the exterior, the lung on that side remaining 
collapsed, no air entering it from the trachea. During expiration some of 
the air expelled (at shghtly positive pressure) from the normal side may pass 
into, and slightly expand, the collapsed lung, this air being sucked out again 
during inspiration. The mediastinal structures swing from side to side with the 
phases of respiration ; as a result there is periodic kinking of the thin-walled 
great veins, resulting in interference with the venous return and decrease in 
the cardiac output. Compensation is effected by roughly doubling the 
amplitude of the movements of the chest wall and so doubling the ventilation 
of the normally functioning lung which makes up for the loss of the affected 
lung. The increased pulmonary ventilation is partly brought about by the 
combined action of anoxia and COg accumulation ; in addition afferent 
impulses pass up from the collapsed lung along the vagus nerve reflexly 
stimulating 4he respiratory centre (p. 457). If the circulation through the 
collapsed lung is blocked and the whole right ventricular output passes 
through the ventilated lung then arterialization of the blood may be normal 
so long as the effective pulmonary ventilation is adequate ; to the extent, 
however, that any circulation continues through the collapsed lung, the 
venous blood is shunted unchanged from the right to the left heart leading 
to anoxic anoxia and COg retention, which intensify the respiratory distress 
(cf. p. 448). Closure of the opening in the chest wall relieves the symptoms 
for the reasons explained above. 

^ Sauer bruch and O’Shaughnessy, Thoracic Surgery, London, 1937. 
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In valvular pneumothorax the pressure on the affected side may rise as 
high as +20 mm. Hg. Under these conditions the mediastinum is markedly 
displaced and presumably the pressure in the intact pleural cavity is raised ; 
the capacity of the chest cavity on that side is decreased. An eVen greater 
effort is needed to ventilate the intact lung adequately for bodily needs. The 
raised intrapleural pressure combined with the mediastinal displacement 
probably reduces the blood flow in the great veins and the filling of the 
auricles, thus leading to a diminished pulmonary blood flow and a decreased 
systemic carcffac output. Because of these additional complications great 
respiratory distress is experienced ; there is marked cyanosis and the visible 
veim are greatly engorged. Marked relief is experienced when the imprisoned 
air is withdrawn to lower the intrapleural pressure. 

In closed pneumothorax such symptoms as may be present are due mainly 
to the collapse of the affected lung (p. 448). But during inspiration the 
enlargement of the chest cavity leads to an equivalent volume of air being 
drawn into the lungs so that adequate arterialization of the blood may often 
be effected. 

Absorption of Gas from Pneumothorax. — Gases are frequently intro- 
duced into the pleural cavity to cause partial collapse of the lungs as a 
therapeutic measure in certain forms of pulmonary tuberculosis ; the con- 
ation produced is called an artificial 'pneumothorax. As there is no opening 
in the chest waU, large volumes of gas can be thus introduced without causing 
any distress (p. 370) ; the gas (usually air) is always slowly and finally com- 
pletely absorbed into the blood. The visceral layer of the pleura is permeable 
to the respiratory gases (Og, COg, and Ng) ; gaseous interchange occurs 
between the gas in the pleura and the venous blood in the pulmonary capil- 
laries to establish pressure equilibrium on the two sides of the membrane. 
The pressure of the pneumothorax gases is about atmospheric (760 mm. Hg) ; 
the total pressure of aU the gases in arterial blood is also atmospheric as it is 
in pressure equilibrium with the gases in the alveolar air ; the total gas 
pressure in the venous blood isy however, substantially less than aimospheric 
(and therefore less than that in the pneumothorax) because it has suffered a 
large fall of oxygen pressure, but has only received a small increase in COg 
pressure. This is showm in the following table (pressures in mm. Hg) : 


Pressures. 

Arterial Blood 
in mm. Hg. 

Venous Blood 
in mm. Hg. 

Total 

760 

706 1 

Water vapour . 

47 

47 

Dry gases . 

713 

669 ! 

Osygen . 

100 

40 ' 

Carbon dioxide . 

40 

46 ; 

Nitrogen . 

1 573 

i 

573 i 


As a result, gaseous diffusion takes place ficom the pneumothorax into 
the pulmonary venous blood until complete absorption occurs. 

In practice, when an artificial pneumothorax is produced therapeutically, 
about 400 c.c. air are injected on the first occasion ; second and third refills ’’ 
of the same amount are made after two and three days respectively. Later, 
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larger amounts (about 700 c.c.) are injected at longer intervals (every two 
or three weeks). If the visceral pleura is thickened as a result of inflammatory 
change it becomes impermeable to gases, and the pneumothorax cannot be 
absorbed. If the lung is fibrosed and cannot expand, only a small initial 
absorption of gas occurs, as the lungs cannot enlarge to fill the space provided 
and thus restore the pleural pressure to its original value. 

Determination of Gaseous Metabolism. — It is possible by means of 
simple respiratory methods to determine the oxygen consumption^ the OOj 
output^ the respiratory quotient, and the metabolic rate under various conditions 
of health and disease. A mouthpiece with tyv^o suitably arranged valves is 
employed ; atmospheric air is breathed in through one^ and the expired air is 
breathed out through the other. A large capvas Douglas bag of 100 litres 
capacity or more is connected to the expiratory side of the mouthpiece, and 
expired air is collected for a suitable time, usually 5 minutes. The volume of 
the expired air is found by passing it through a special gas meter (spirometer), 
and its composition is determined by analysing a sample in the Haldane gas 
analysis apparatus. This apparatus consists of a 10 c.c. graduated burette 
(into which the gas sample is introduced) connected to two bulbs — pne con- 
taining potash for the absorption of CO 2 and the other alkaline pyrogallol to 
absorb 0*. The initial volume of the sample is read off on the .burette [e.g, 
10 c.c.) and the decrease in volume observed which results from tlfe successive 
absorption of CO, and Oj. The percentage amount of these gases in ihe sample 
is thus determined. [The Haldane gas apparatus is used for th^^analysis of 
any suitable gas mixture — e.g. inspired, expired, or alveolar air.] From the 
data thus obtained the CO 2 output and Og consumption per minute may be 
determined thus : 

Pulmonary ventilation per minute (from spirometer readings reduced to 
N.T.P) = 5 litres. 

Inspired air : ©2 = 21, CO 2 =0 per 100 c.c. 

Expired air (from analysis of sample) : 02 = 16, 002 = 4 per 100 c.c. 

For every 100 c.c. air respired CO 2 given out is 4—0 = 4 c.c.; Oj 
absorbed is 21—16=6 c.c. As tte minute ventilation is 5000 c.c. ' 

O 2 consumed is 250 c.c. ; CO 2 output is 200 c.c. per minute,^ 

The O 2 consumption can be determined directly by means of the Benedict- 
Roth apparatus (p. 375). 

Respiratory Quotient.^ — The respiratory quotient (R.Q-) is the ratio of 
the volume of CO^ evolved from the lungs/ the volume of Og absorbed from the 
lungs in a given time. 

In the above example it is 

The respiratory exchanges and the R.Q, pan thus be determined under 
varying conditions of diet, health, and disease. Two additional points should 
be stressed. 

(i) It is difficult to determine the R.Q. accurately in untrained subjects 
because they almost invariably overventilate as soon as they begin to breathe 

^ For full details of calculation which are given in a simplified and not entirely exact 
form in the text, see Douglas and Priestley, Human Physiology, 3rd edr' , Oxford, 1948. 

2 Richardson, Physiol. Rev., 1929, P, 61. 



RESPIRATORY QUOTIENT 


373 


through valves ; they thus eliminate more GO^ than normally and so yield 
a misleading high R.Q. value. It is desirable that a preliminary practice 
period of 15 minutes breathing through the valves should precede the actual 
determination. 

(ii) The R.Q. is only a ratio : if the O2 consumption or CO2 output are 
equally increased or decreased the R.Q. is tmaltered. Thus if the ventilation 
is increased because of an increase in metabolism {e,g. in exophthalmic goitre) 
the R.Q. is not necessarily altered, because both O2 consumption and COg 
output rise. The R.Q. would change only if there was some other associated 
change, e,g. in the food mixture used by the body, or in the blood reaction. 

The respiratory quotient hajs been intensively studied in many conditions 
in health and disease and the main results are summarized below ; but it 
must be confessed that the respiratory quotient frequently gives no informa- 
tion about metabolic processes in the body ; on the contrary, a knowledge 
of the metabolic ^processes taking place is generally necessary to interpret the 
R.Q. Furthermore the R.Q. throws no light on the stages of intermediate 
metabolism. ; 

(1) Effect op Combustion op • Foobstupps, Intermediate Meta- 
bolism AND Diet. — If pure foodstuffe are burnt in a bomb calorimeter their 
respiratory quotient can be measured directly. 

(i) With pure carbohydrate it is 1. 

CeHigOe+eOg^ecOg+aSgO 

i.e. the volume of COg evolved is equal to the volume of oxygen used. 

(ii) With the fatty acids derived from food fat the R.Q. is about 0*7. 

Ci7H35C00fl-f2602=18C02-fl8H20. 

R.Q.=18/26=0*693. 

Fat contains very little oxygen which must consequently be provided 
in sufficient amount to oxidize both the hydrogen and the carbon of the fat 
molecule. 

(iii) With pure protein it is about 0*8. 

It may be safely assumed that when fat or carbohydrate is completely 
combusted in the body the R.Q. is still 0*7 or 1*0 respectively, whaUver the inier- 
mediate stages through which the foodstuff passes. This fact is illustrated by 
the following example. Let us suppose that food fat or reserve fat is converted 
in the body to carbohydrate which is then combusted. The reactions involved 
in these transformations can be crudely summarized as follows : 

(а) Ci 8 H 36 O 2 ” 1 "SO 2 = 3 G 0 H 22 O 6 ' 

stearic acid. glucose. 

(б) 3C6H2206+1802=18C02+18H20. 

Adding the two reactions to get the R.Q. of the whole process : 

(c) Gi 8H3602+2602=18G02+18H20, 

i.e. E.Q.=— =0-693, which is the R.Q. of the direct complete combnstion of 
26 

fat. 

When carbohydrate is converted into fat which is stored and not com- 
busted the reaction can be summarized as follows : 

(d) 3G0H22O0=G]^8H3eO2“f"8O2. 
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O 2 is thus released which is used by the cells for oxidation processes, so 
reducing the O 2 intake from the lungs without decreasing tissue oxygen 
consumption or CO 2 formation or elimination. The R.Q. is the ratio of COg 
output from the lungs/ O 2 intake from the lungs ; as the denominator (the 
O 2 intake in the lungs) has fallen owing to reaction (d) the R.Q. value for 
the whole metabolism of the body is raised. 

Conversely reaction (a) supra while taking place alone involves additional 
uptake of Og in the lungs over and above that needed for oxidation of the 
foodstuffs ; in the ratio CO 2 /O 2 the denominator is increased and so the R.Q. 
of the whole metabolism of the body is lowered. 

It follows therefore that if the R.Q. is determined from measurements 
extending over long continuous periods, the value obtained will approximately 
indicate the mixture of foodstuffs undergoing oxidation, e,g. if carbohydrate 
predominantly is being oxidised the R.Q. will approximate to 1, if fat the R.Q. 

will be about 0*7. There is a tendency 
j gf — q tissues normally to utilise 

§ ^ |i - preferentially the foodstuff most freely 

§ " ^ /\ . available, so the R.Q. will tend to 

§ " A / \ vary with the composition of the 

\ k l\ " ^<^od. The non-nitrogenous residues of 

g 0-8 V / " protein enter the common metabolic 

§ 0-6 - Vv I - pool and are then treated essentially 

^ N “as interniediates from the oxidation of 

^ 0-2 - " carbohydrate and fat. 

^ The R.Q. determined over a short 

HOURS AFTER FOOD period will depend on the R.Q. of the 

•t:. om • -D • X i-i intermediate processes through wHch 

Fig. 221, — Changes m Respiratory Quo- n . r j? j 1 • j • 

tient foUo^g a Large Meal. all the foodstuffs are passing durmg 

(Werthessen, Amer. J. Physiol,, 1937, the time. Thus rats were given the 
120, 458.) whole of their daily diet in one meal ; 

Rats were given their food for the day in one the R.Q. subsequently determined at 
meal. Note the extensive fluctuations in . , i • j r\ c%n j n e 

R.Q. during the following 18 hours. mtervals Varied between U*Z7 and i-o 

(Fig. 221). 

(2) Diabetes Mellitus. — T he interpretation of the R.Q. in diabetes 
mellitus is considered on p. 920. 

(3) Alterations in Pulmonary Ventilation. — T he R.Q. is affected 


(independently of any change in the nature of foodstuffs oxidised) when, in 
conditions of stable metabolism, the pulmonary ventilation is altered either 
voluntarily or secondarily to a rise of body temperature or to fluctuations in the 

ion concentration of the blood (cf. Fig. 57). Thus : 

(i) Voluntary hyperpnoea washes out excessive quantities of CO 2 (without 
increase in Og consumption) ; the R.Q. may rise considerably above unity. 

(ii) In acidsemia from any cause, e,g, ingestion of NH^Cl, or secretion 
of the alkaline intestinal juices, there is hyperpnoea (p. 396) with increase 
in CO 2 output but again without corresponding rise in O 2 consumption; 
the R.Q. therefore rises. The same applies to the hyperpnoea of raised body 
temperature (p. 478). 

(iii) Conversely in alkalcemia, e.g. from ingestion of NaHCOj, the breathing 
is depressed, COg is retained in the body, and the R.Q. falls (p. 397). 

(4) Violent Exercise .-'“during very violent exercise, lactic acid enter# 
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the blood stream and breaks up the plasma NaHCOs, liberating large addi- 
tional volumes of COg which are eliminated from the lungs ; the R.Q. may 
then exceed 2. During recovery from exercise, COg, which is derived from 
oxidative processes in the muscles, is retained in the blood in large amounts 
to reform the bicarbonate, and the R.Q. falls to a very low value (p. 439). 
The R.Q. is not affected in a constant manner by moderate exercise because 
there is no acidsemia and roughly the resting mixture of foodstuffs is being 
metabolized (cf. p. 438). 

Metabolic Rate. — From a knowledge of the respiratory exchanges, 
the metaholic rate, i.e, the energy produced in the body, can be indirectly 
determined. It may be assumed for the sake of simplicity that all the 
energy is derived from varying proportions of carbohydrate and fat. The 
metabolfem of protein, apart from the nitrogenous fraction which is excreted, 
is essentially that of the carbohydrate and fatty acids (or their intermediates) 
derived from the residues. 

If different proportions of carbohydrate and fat are burnt in a calorimeter 
with 1 litre of oxygen, it is found that pure carbohydrate (R.Q.=:1) yields 
about 5 Calories,^ pure fat (R.Q.=0*7) yields about 4*8 Calories, and various 
mixtures of carbohydrate and fat (R.Q. between 0-7 and 1) give between 
4*8 and 5 Calories as shown in the Table below. 


R.Q. 

Calories evolved per Litre | 
of O 2 consumed. 

0*71 

1 

4*796 j 

0*76 

4*829 ; 

0*80 

4-875 ! 

0*86 

4*921 ; 

0*9 

4*967 

0*95 

6*012 

10 

5*058 


It is assumed, probably unjustifiably, that the R.Q. values obtained in 
man have a similar significance. The R.Q. being known , the heat value of 
1 litre of oxygen is deduced from the table ; if the oxygen consumptionls 
also known the heat production can be determined. Thus, if the R.Q,=0*8 
(calorific value per 1 litre 02=4*875), and the Og consumption per minute 
is 0*25 litre, then the heat production per minute is 6*25 X 4*875=1*22 Calories. 

Clinically the metabolic rate under conditions of complete rest and fasting 
(basal metabolic rate, p. 377) is calculated from the oxygen consumption 
alone. This is determined most readily by means of the Benedict-Roth 
apparatus which consists essentially of an accurately constructed tank filled 
with oxygen and suspended m water. It is connected by means of tubing 
through a soda-lime tower to the patient’s mouth (the nose is clipped). The 

^ ^ On© calorie is the amount of heat required to raise the temperature of 1 g. of water 
by’ 1® C. ; a more precise term is 1 g.-calorie. It may be abbreviated to 1 cal. [In 
physiolomcal texts it is sometimes referred to as 1 small calorie.] 

One Calorie =1000 calories. It may be abbreviated to 1 Cal. A more precise term is 
1kg. •calorie. [It is sometimes referred to sa 1 large calorie.] 
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Fia. 222.— B«nedict-Roth Apparatus for determinijag the Metabolic Rate. (Beaumont and 

Dodds, Rectni Advances in Medicine, Churchill.) 

The arrows in the diagram show the direction of the flow of air during respiration. 



Pia. 223. Graphic Record of Determination of Metabolic Rate. (Beaumont and Dodds, 

Recent Advances in Medicine, Churchill.) 

The record (which reads from right to left) is obtained using the apparatus shown in the P^cetog figure 
This pjiticular instrument is so constructed that each 1 fhU of the 

ins rfie In the record) represents 20-78 c.o. oxygen used (this value is not corrected to N.T.P.)- fr the 
cuorific value of oxygen is assumed to be 4-82 Oal. per litre, then 20-73 c.c. of oxygen represent the 
evolution of 0-1 c5f*In this experiment the rise in the recCrd in 6 minute is 78 mm. corresponding 
' to an unoorreoted heat output of 78 x 0*1 Cal.»*7*8 CSal., or 1*8 Gal. per minute. 
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patient rebreathes from tbe tank ; the GO 2 formed is removed bv means of 
the soda lime, and the decrease in the volume of oxygen in the tank is a 
direct measure of the ozygen consumption. The CQg output is not deter- 
mined, and the respiratory quotient is assumed to be 0*75 (as the subject is 
fasting), corresponding to an output of 4*82 Calories per litre of oxygen 
consumed (Figs. 222 and 223). 

Basal Metabolic Rate (Basal Metabolism.)^ — By this is meant 
A-np.rgy nnt. pnf. nf iTi dividual under standardized resting condiiio ns^AA-^ 
co mplete bodily and psychica l rest. 12-18 hours after a meai (post-absorp- 
tive period) and in an equable eTiv irouTneTital temperature . It can be deter- 
mined by the methods just described. Under such conditions a proportion 
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Fig. 224. Basal Metabolism in Myxoadema and Exophthidmic Goitre compared with 

group of Normal Individuals. (Du Bois, Ann. int. Med., 1938, 12.) 

Ordinate : percentage frequency for each group. j j / «v 

Abscissa ; metabolic rate as percentage deviation from accepted normal average standard {■■0). 

Jf ote that almost all the cases of myxoedema fall below the normal range ; those of exophthalmic go 
(Graves’ disease) are all above the normal range. 


r,f AnAT( j ^ is iised to maiataui the activities _o f vitglj)T^ns like 

the heai L bram»,or glands , b ut the greater nart is co n y e ri a d mt » «= 


to Tng.inta.in body te mperature and, preve nt it from f;^ u}g.belflHjhj_ncjmal 
l eveiT ihe b^al~metaboI^ is not the lowest posable level to which the 
lii^olism can fall in the subject; it may be lowered further, for example, 
by s tarvation or thyroid deficiency ; it is simply as stated the metabolism 

under standard restog condition^ _ 

mini«i11y the basal metabolic rate (B.M.R.) is egrpregs ed as a pe rcenteg e 
abovT^Ww the theoretical normal stand^ d^the 
into account Ms ags, hagMt.w«g^ etc. (p. 378).^ Th^ a B.M.R. of +m 
means one which is 50% above the normal average for that person. Fig. m 
shows that the normd range of metabolism in people of identical phymcal 
status may vary commonly by ± 10% and rarely even by as much as 
± 20 %. 


1 Boothby and Sandiford, Physiot. Bev., 1924, 4. 69. Dn Bois. ^ Metabc^ ijt 
Eealff and iiseau, 3rd edn., Phila., 1936. Peters and Van Slyke, QmiOUativt CliToeal 
Chemistry, 2nd edn., voL I, pt. i, p. 1, 1946. 
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Factors influencing Metabolic Rate. — (1) Suri ac e, Area. — The basal 
metabolism is most closely rel ated to the ai^r/ooe a rmjaiid is 1^. dire^ly 
related to height or weight. The surface area can be calculateT^Som 
the following “formTHiT^ height and weight are known (Du Bois): 
A = W®***®xH®-725x 71.84, where A = surface area in sq. cm., W = weight in 
kg., and H = height in cm. 

In the male 40 Calories^ and in i}i& female adult abouiSLCalqj^^jire gyen 
off every hour per square metre of body surface (the surface area of an 
adult is about 1-8 sq. metres) ; or, expressed in terms of body weight, the 
basal metabolism amounts to about 1 Calorie per kg. per hour. The values 
quoted for metabolic rate are average normal values ; an average implies 
that higher and lower values occur. The range of normal variation was 
referred to above* 

(2) 4giu — T he ba sal metabolism is considerably gre ater per sq . jaetrp. 
oXjurface in c hildren than in adults ; there is a further graduaTfalT in“^e 
metabolism dliring adult life as age advances.. These facts are well shown 
in the Table below. 


Age 

in years. 

B.M.R. in Calories 
per sq. metre per hour. 

Male 

Female 

2 

67-0 

62-6 

6 

63-0 

60-6 

8 

51*8 

47-0 

10 

48*6 

45-9 

16 

45-7 

38-8 

20 

41*4 

36*1 

30 

39-3 

36-7 

40 

38-0 

36*7 

60 

36-7 

34-0 

60 

35*6 

32-6 


Fig. 225 shows two B.M.R. determinations carried out by Magnus Levy 
(the pioneer investigator in this field) on himself at an interval of 50 years ; 
the decrease in his B.M.R. (per hour, per kg. per hour and per sq. metre per 
hour) is strikingly demonstrated. 

(3) Starvation or prolonged undernutrition damps down the metabolic 
rate. For example, in a man who had fasted 31 days, the daily basal meta- 
bolism diminished from 958 to 737 Calories per sq. metre of surface area— 
a fall of over 20% (p. 1048). In poorly nourished patients the reduced body 
weight can finally be maintained on considerably less than the standard 
basal calorio requirements. 

(4) Body Temperature. — ^For every rise of 1® F. in the internal tempera- 
ture of the body, the basal metabolism increases by 7%. The chemical 
reactions of the body, like those occurring in a test-tube, are speeded up 
by a rise of temperature. Thus, a patient suffering from pneumonia with 
a temperature of 105® F. (about 7® F. above the normal) would have an 
increase of 50% in his metabolism (and in his pulmonary ventilation) because 
of the fever alone# 
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(5) External Temperature. — Exposure to cold increases the metabolism ; 
there is consequently increased heat production which helps to maintain the 
normal body temperature (p. 480). Exposure to external heat of brief 
duration has little effect on metabolism, as compensation is effected mainly 
by increasing heat loss ; if the exposure is prolonged, a gradual fall in the 
metabohc rate takes place (p. 476). 






OXYGEN c.cm. 
per minute 

1 

L 

§ 

■ s 

* 

CALORIES 

A 

tv* 


AGE 

YR. 

V) 

UCJU 


HEIGHT 

$} 

1 


5 

1891 

26 

231 

192 

0*83 

1670 

67-5 1*76 

67 

0*99 

38-1 

5; 

1341 

76 

176 

158 

090 

165*5 

600 1*65 

52 

0*87 

315 

DIFFERENCE 

50 

- 24 % 




- 11 % - 6 % 

- 22 % 

- 12 % 

- 17 % 


Eio 225. — Likeness of Professor Magnus Levy and the Changes in his Basal 
Metabolic Rate after 50 years. 


(6) Ductless Glands. — (i) The active principle of the thyroid gland — 
thyroxine — acts as a general catalyst, speeding up the metabolic activities 
of the tissues (p. 977). 

Thus in exophthalmic goitre, in which there is increased secretion of the 
active principle of the gland, the basal metabolism may increase in a severe 
case up to double the normal (t.c. the B.M.E* is up to +100 (Kg* 224)). In 
myxosdema) in which there is lessened secretion of thyzo^eii metabolic 
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activity may be depressed to 60% or 70% of the normal {i.e, the B.M.E. 
is —SO or —40 ; the last value is about the lowest ever observed clinically 
and represents the minimum metabolic level (Fig. 224). 

(ii) Adrenaline increases the metabolic rate, but to a less extent than 
thyroxine. The injection of 1 mg- adrenaline in man increases heat pro- 
duction up to about 20% for a few hours only. 

(iii) The anterior 'pituitary influences the metabolic rate indirectly 

through its thyrotrophic hormone. ^ 

(7) In certain other conditions there is an increased metabolic rate for no 
very clear reason. This is seen in both splenomedullary and lymphatic 

leukcemia, in which the increase may 
be of the same order as that foimd 
in Graves’ disease. A less paarked 
increase is found in pernicious 
ancemia and in congestive heart 
failure, 

(8) The taking of food stimulates 
metabolism. This effect is not 
equally marked with aU classes of 
foodstuffs, being least with carbo- 
hydrate and fat, and greatest with 
protein. If 125 g. of protein in the 
form of meat are eaten at one meal, 
the metabolism rises to reach a 
maximum after 3-5 hours and then 
slowly declines (Fig. 226) ; the peak 
percentage increase is 10^5% ; the 
total increase in metabolism may 
average 20% over a period of 4-fl 
hours. If carbohydrate and fat are 

Fig. 226.-Effeot of'“^gestion of Protein e^ten in amoimts of equal calorMc 
on Metabolic Rate (Specific Dynamic value, the metabolism increases by 
Action) in Man. (Modified from Abel, only 5-10%. The more striking 
Amer, J, med. Sci., 1943 , 205, 417 . effect of protein is termed its specific 

The subjects ate a meal containing 125 g. of protein dynamic action. The increase in 
and 5 g. of fat. Ordinates phow percentage ^ . v t • -l j. j j. x.’ 

increase in metabolic rate. The upper and lower metabolism IS attributed tO a StimU- 
dotted lines (N”* N") show the upper and lower Iq+itict ppillnlsn* 

limits of normal responses. Curves A, B, C latlUg action on CeUUiar metaDOllsm 

show the responses in three normal subjects. of the fatty acid residues whlch are 

left after the NHg groupings have 
been removed from the amino-acids. The stimulating action of a carbo- 
hydrate meal is attributed to extra carbohydrate being burnt to provide the 
energy necessary to convert some of the glucose into a glycogen store ; this 
energy is really being stored and not expended because the resulting glycogen 
has a higher chemical energy level than the glucose from which it is derived. 
If an ordinary mixed diet is taketi, the metabolism is increased by 50^150 
Calories daily. j 

(91 Lastly, and most importaht, there is an increase in the metabolism 
with muscular w^ork. During very violent exercise the oxygen consumption 
per minute may rise from 250 c.c. to 4 litres, or even more, i.e. the metabolism 
may increase over 16 times (p. 436). 
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Artificial Respiration.^ — The methods commonly employed in man 
will first be described ; their uses and comparative advantages will then be 
considered. 

Schafee’s Method. — ‘‘ The method consists in laying the subject in the 
'prone posture, preferably on the ground, with a thick folded garment under- 
neath the chest and epigastrium.” The head is turned to one side. ‘‘ The 
operator puts himself in a position athwart or at the side of the subject, facing 
his head and kneeling upon one or both knees, and places his hands on each 
side over the lower part of the back just below the ribs.” He then slowly 
throws the weight of his body forward to bear upon his own arms, and thus 
presses upon the loins of the subject and indirectly on the abdominal contents ; 
the diaphragm is driven up into the chest, and air is forced out of the lungs. 
“ This being effected, he gradually relaxes the pressure by bringing his own 
body up again to a more erect position, but without moving the hands ; as 
he does this, air is drawn, by the removal of pressure and by their elastic 
reaction, into the lungs. The process is repeated quite regularly, and without 
manifest intervals between movements not less often than twelve times a 
minute ; it may be done somewhat more rapidly, but fifteen times a minute 
would in any case be sufficient. By this means it is easily possible in an 
average man to effect an exchange of fuUy 6500 c.c. per minute — an amount 
which is more than enough to maintain complete aeration of the blood ” 
(Schafer).^ 

The prone position which is employed in this method prevents obstruction 
of the airway by mucus or by the falling back of the tongue. 

' The great merits of Schafer’s method are that it requires no apparatus 
whatever and that the technique is easily learnt.^ 

Eve’s Rooking Method. — The patient is fixed on a stretcher ; the head 
and feet are alternately tilted down to an angle of 45° ; 8 or 9 rocking move- 
ments are carried out per minute. The 7 seconds available for each “ respira- 
tion ” should be divided into 4 seconds head down and 3 seconds feet down. 
In the head-down position the weight of the abdominal contents drives the 
diaphragm into the chest, producing expiration ; in the feet-down position 
the abdominal contents fall away from the diaphragm, promoting inspiration. 
The method is easily carried out aboard ship (using a hammock) and is not 
fatiguing ; it promotes the venous return and mechanically aids the circulation 
of the blood (p. 383). 

The efficacy of these methods of artificial respiration has been determined 
on healthy volunteers who were deeply anaesthetized and then slightly 
overventilated to produce respiratory arrest ; an endotracheal tube was 

^ Killick, Cowell, and Crowden, Laiicet^ 1939, ii, 897. 

* Schafer, Proc, roy, Soc, Edin., 1905, 39. 

3 It is a matter of deep regret that so few medical men have received any training in how 
to perform the necessary movements with accuracy. Boy sconts, ambulance workers, ^d 
members of the police force are usually much better equipped to perform artificial respira- 
tion than doctors ; Henderson has said that lives are not infrequently lost by physicians 
interfering with lay people who have been carrying out the emergency measures in an 
efScient manner ; “ it is easy to order a non-breathing victim of acute asphyxia into an 
ambulance, but he will be dead before he reaches hospital.” It should be an important 
part of every physiological course to practise Schafer’s and the rocking methods of artific^ 
respiration and by measuring the tidal air and pulmonary ventilation to demonstrate the 
efficacy of the procedures. 
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introduced to guarantee a free 

airway. The tidal 

air in two subjects 

was : 


A. 10 Stone. 

B. 13 Stone. 


c.c. 

c.c. 

Schafer’s method : 

340 

530 

Eve’s method : 

On back : 30° rock 

240 

570 

4:5° rock 

380 

635 

On face : 30° rock 

340 

725 

45° rock 

580 

850 


The two methods have also been compared experimentally in dogs in 
which respiration was abolished by deep ansosthesia or section of the upper 
cervical spinal cord ; in both groups muscle tone, including that of the 
diaphragm, was practically absent (as is the case in asphyxiated human 
subjects).^ The volume of the tidal air was generally smaller with the Schafer 
method, the mean advantage in favour of the rocking method being 50% 
and most pronounced when the loss of muscle tone was most complete. It 
may be concluded that though Schafer’s method is adequate. Eve’s method 
may have advantages over it when a stretcher is available. 

Mechanical Methods.^ — (1) Drinker's Method, — This involves the use 
of an airtight tank into which the patient is placed, with the head outside. 
Alternative negative and positive pressures are obtained in the tank by 
means of electrically driven pumps, and the effect is to produce movements 
of the chest wall resembling those of normal inspiration and expiration; 
the negative pressure pulls on the chest wall and produces insi)iration ; the 
positive tank pressure compresses the chest and produces expiration. Patients 
with respiratory paralysis following poliomyelitis have been kept alive for 
years in this way. 

(2) Bragg-Paul Method, — A rubber bag is wrapped round the chest wall 
of the patient ; by means of a pump positive pressure is applied at a given 
frequency to the chest. In this method, expiration is the active movement (as 
in Schafer’s method) ; when the pressure is released the chest passively 
enlarges and air is sucked in. 

(3) In respiratory failure in the operating theatre artificial respiration 
can be given from an anmsthetic machine, from a simple pump Kke the 
Oxford injlator, or by blowing periodically down an inserted endotracheal tube.® 

Whateoer method is used it is essential to ensure that the airway is free. 

Artificial respiration is called for in man in two types of respiratory 
failure : 

(i) In the sudden cessation of breathing due to drowning, inhalation of 
irrespirable or poisonous gases, suicidal and accidental overdoses with 
narcotics, overdosage with anaesthetics or electrocution. 

(h) In gradually progressive respiratory failure due to paralysis of 
respiratory muscles, e,g, in anterior poliomyelitis or diphtheria. 

In the chronic ^oup there is usually ample warning of the impending 
disaster, during which time afifj^^gements can be made to use a breathing 

1 Hemingway and Keil, Brit, m.ed, 1944, i, 833. 

* Bonrdillon ei ah, ibid,, 1960, ii, 639. 

® Electrical stimulation of the phrenic nerves in the neck has been carried out in 
man to produce rhythmic diaphragmatic contraction. 
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niachine. In the acute group not a moment may be lost and the treatment 
must be capable of being carried out by the first instructed person on the 
scene and require the use of no more equipment than can be readily im- 
provised almost anywhere. There is another fundamental difference between 
the chronic and acute forms of respiratory failure. In the former, machine- 
breathing is instituted while the circulation is functioning normally ; if the 
mechanical respiration is efficient no circulatory derangement develops and 
the blood flow to all the organs remains normal. In acute asphyxia, on the 
other hand, failure of the circulation and of the central nervous system 
follows rapidly in the train of respiratory arrest. The body is unfortunately 
quite unadapted for dealing with complete or even very severe oxygen lack, 
which ‘‘ stops the machine and wrecks the machinery ’’ in a matter of 
minutes (p. 445). Let us consider the sequence of events in drowning, for 
example. After one minute or so of complete lack of oxygen consciousness is 
lost ; within another minute or two the respiratory centre, which initially 
was stimulated, ceases to function. The vasomotor centre is more resistant 
and may maintain vasoconstriction for a httle longer, but soon it too fails, 
and full peripheral vasodilatation sets in, with a resulting fall of blood pressure 
to about 40 mm. Hg. Most important of all, the heart — ^unlike skeletal or 
smooth muscle — can function normally for only a short time in the absence 
of oxygen ; it has no type of anaerobic metabolism to fall back on. The force 
of the heart beat in severe anoxia rapidly weakens and the chambers greatly 
dilate ; the output into the blood vessels is reduced to a trickle, and the 
blood flow to the organs almost ceases. When fibrillation of the ventricles 
develops the chances of recovery are of the slenderest. Acute asphyxia 
thus presents a combination of respiratory, circulatory, and nervoi^ sy^em 
failure with which the treatment employed must cope effectively if it is to 
succeed. 

There is complete agreement as to the immediate action which should be 
taken. The special conditions of the operating room were mentioned above ; 
otherwise the Schafer method should be instituted at once and no time lost 
while preparations are being made for the Use of any other method. But it 
must be remembered that resuscitation demands more than just effective 
pulmonary ventilation; the oxygen introduced into the lungs must be 
transported by the circulation, especially to the brain, heart, and kidneys. 
As only a minimal circulation is present in asphyxiated patients, and life is 
being maintained most precariously, quite small differences in the circulatory 
state produced by the resuscitation technique may be of decisive importance. 
It is found experimentally that even with equal degrees of pulmonary 
ventilation the rocking method is associated with a greater cardiac output 
and therefore with a better blood flow to the organs, and with a higher level 
of oxygen consumption ; these important advantages are largely due to 
obvious mechanical factors. In the head-down phase the venous blood drains 
out of the legs and abdomen into the heart, and the arterial blood flow into 
the head is facilitated. During the feet-down position venous blood drains 
out of the head, and the lower part of the body is fed with arterial blood, 
though the venous outflow from that region is impeded. Some of these 
advantages are lacking in the Schafer method. A good case has been made 
out for changing over from the Schafer to the rocking method as soon as 
suitable facilities are available. 
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REGULATION OF THE BREATHING ^ 

Respiratory Centre. — The term respiratory centre is used here to denote 
the grey matter in the pons and upper medulla which is responsible for 

automatic rhythmic respiration. The centre so 
defined is subdivided into an inspiratory centre 
and an expiratory centre in the medulla and a 
pneumotaxic centre in the upper pons. The 
respiratory centre (predominantly its inspiratory 
centre) is reflexly regulated chiefiy by afferent- 
vagal impulses from stretch receptors in the 
lungs, by afferents from the chemoreqeptors and 
the vascular pressure-receptors andSfrom the 
higher levels of the brain. The inspiratory 
centre is extremely sensitive to changes in the 
chemical composition of the blood especially its 
CO 2 tension and H+ ion concentration, and to 
a less extent its Og tension. 

Inspiratory Centre. — (i) The position of 
the inspiratory centre is mapped out by deter- 
mining the region of the medulla which on 
stimulation produces inspiration. In the cat 
it extends from just below the upper border of 
_ , r u . i. / M the medulla down to the level of the calamus 

scriptorius (Fig. 227). It is scattered in the 
th?*floV'Sf medial part of the reticular formation, especiaUy 
fourth ventricle. in its more Ventral part (Figs. 228, 229, A). The^ 

cep^tie and its descending path can’^ 
left, and the inspiratory centre '* regarded as an afferent neurone leading to 
spinal motor neurones. As with stimulation of 
other afferent excitatory fibres, increased strength 
or frequency of stimulation applied to theLlUspiia- 
toj.y.oe 3 ^tre increases, the^d of inspiratiQU*. 

(ii) If the pneumotaxic centre is cut off by 
a trans-section through the lower ppns, rhythmic 
breathing continues so long as the vagi are 
iiitact. If, however, the vagi a^re also divided, 
t%^inspiratory centre is said td' be isolated^ 
inspiratory centre, when Isolated in this 
way, is released from the dual inhibitory control 
of the pneumotaxic centre and the vagi (cf. 
pp. 386, 388). In the presence of an adequate CO 2 and Og tension the 
released inspiratory centre discharges steadily without intermission along 
descending paths to the spinal cord to stimulate the motor neurones supplying 


Fio. 227 . — Localization of 
Inspiratory and Expira- 
tory Centres. (Pitts et 
al., Amer, J. Physiol,, 
1939, m, 673.) 


only on the right. 

Fig. 228 is a cross section at the 
level shown by the lines B-B. 
Section at level T, combined 
with double vagotomy, pro- 
duces apneusis. The pneumo- 
taxic centre thus lies in the 
pons above level T. 

I.C., inferior coUiculus. 

B.P., brachium pontis (middle 
peduncle). 

B. , brachium conjunctivum 

(superior peduncle). 

Cl., first cervical root. 

R., restiform body (inferior 
peduncle). 

A.T., acoustic tubercle. 

C. N., cuneate nucleus. 

G.N., gracile nucleus. 


1 For general review, see Haldane and Priestley, Respiration, new edn., Oxford, 1936. 
Cray, Pulmonary Ventilation and its Physiological Regulation, Springfield, PI., 1949, 
Pitts, Magoun, and Ranson, Amer, J, Physiol,, 1939, 126, 673, 689 ; 127, 664. Pitts, 
J, Neurophysiol,, 1942, 5, 75, 403 ; 1943, 6, 439 ; Physiol, Rev,, 1946, 26, 609. Stella. 
J, Physiol, 1938, 93, 10, 263 ; 95, 365. 
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Fig. 228.~Distribution of Inspiratory and Expiratory Centres. {Pitts, Amet. 
J . Physiol, 1941, 234, 192.) 


Section through medulla at level B-B, Fig. 227. 

A. Inspiratory centre. 

O# Expiratory centre. 

US, Corticospinal (pyramidal) tract ; F, Medial longitudinai fasciculus (bundle) H Hvpo- 
glos^I nucleus; LCJT, Lateral cuneate nucleus; MX, Motor nucleus of ’vagi; 
M, Me^n lemniscus; E Eestiform body SVes Vestibular nucleus; V. Spinal 
tract of V. » » 


A 


1 

irfSPlRATION 

6 SEC. 

n,.> It n II niimi II II i.n.mi 




Fig. 229. — ^Effects of Stimulation of Inspiratory and Expiratory Centres. 
(Pitts ei al, Amer. J. Physiol., 1939, 126, 673.) 

Downstroke —Inspiration, 

Upstroke— Expiration. 

A. Stimulation of Inspiratory Centre, 

B. Stimulation of Expiratory Centre. 


13 
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the muscles of inspiration. A prolonged powerful inspiratory effort (apwetms) 
thus develops (Fig. 230) which only comes to an end with the resulting anoxia 
becomes sufficiently severe to paralyse the activity of the cells of the centre, 

Expieatory Centeb. — The expiratory centre^ can be similarly mapped 
out by determining the regions of the medulla which on stimulation produce 
expiration (Fig. 229, B). The cells of the expiratory centre are intimately 
intermingled with those of the inspiratory centre. In the cat they extend 
a little higher up in the medulla (Fig. 227) and lie more dorsally and more 
laterally in the reticular formation (Fig. 228). The descending fibres from 
the expiratory centre stimulate the spinal motor neurones which innervate 

the muscles of expiration. It is imposs- 
ible to isolate the expiratory centre so 
as to produce a release ” of sustained 
expiratory activity ; it is therefore pre- 
sumed that the expiratory centre does not 
discharge spontaneously but only when it 
is appropriately stimulated. 

Red'procal Innervation in Breaching,--- 
The'feipbnse to stimulation of the inspica- 
tdfy and expiratory centres probably 
involves reciprocal innervation, t.e. when 
inspiratory spinal motor neurones are 
stimulated the antagonistic expiratory 
spinal motor neurones are reciprocally 
inhibited and vice versa (Fig, 235). Simul- 
taneous stimulation of the inspiratory and 
expiratory centres leads to algebraic sum- 
mation of their individual effects on the 
spinal motor neurones. 

Pneumotaxig Centee. — This centre is 
situated in the upper pons and periodically 
centre thus con- 
verting its spontaneous continuous dis- 
charge into a rhythmic pattern of discharge 
(inspiration) and rest (expiration). 

(i) If the vagi are intact, cutting off the pneumotaxic centre still allows 
rhythmic breatmng to continue. 

(ii) If both vagi are cut, a trans-section above the upper border of the 
pons, which spares the pneumotaxic centre, likewise allows rhythmic breathing 
to continue* 

(iii) ' If both vagi are cut and the pneumotaxic centre u completely cut off 
by a trans-section through the lower pons, the isolated respiratory centre sets 
up a deep inspiration which only ceases when respiratory failure, from anoxia, 
results. If the pneumotaxic centre is partially cut off, shorter bouts of apneusis, 
interspersed with brief gasps, appear and are repeated till the centre fails 
(Fig. 236). 

It is^suggeisted that normally when the inspiratory centre discharges 
downwards to. the spinal cord, impulses also pass from it along collaterals to 
the pneumotaxic centre which is stimulated to send back inMUtory impulses 
to the inspiratory centre ; when this inhibition reaches an adequate level the 


A 
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Fig. 230. — Spontaneous Discharge 
of Isolated Inspiratory Centre. 
(Stella, ,1938, 53,268) 

Gat. The brain stem has been divided in 
the upper pons to cut off the pneu- 
motaxic centre. At the signal (c), 
both vagi were blocked by applica- 
tion of cold. As the inspiratory 
centre is released a powerful, sus- 
tained inspiration (apneusis) sets in. 

When the cold block of the vagi was re- 
moved, rhythmic breathing returned. 
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inspiratory centre ceases to discliarge, iasgiration stops and expiration sets 
in. During expiration the pneumotaxic centre is no longer stimulated and so 
its inhibitory influence on the inspiratory centre is withdrawn; the latter 
centre resumes its spontaneous discharge producing the next inspiration; 
and so the cycle repeats itself. The inspiratory and pneumotaxic centres 
form a mutually reacting closed circuit which converts the steady discharge 
of the ..inspiratory cehtfe' into an alternating pattern of activity and rest 
(Kgr235). 

R61e of the Vagi. — (1) Numerous vagal afferent filaments ramify in the 
walls, of the alveoli of the lung ; they are typical stretch receptors which are 



Fig. 231. — ^Vagal Action Potentials set 
up by Artificial Stretch of Long. 



A. IiSitlon=«65 c.c. Maytmnm frequency of 

nerve impulses, 80 per sec, 

B. Inflation— 115 c.c. Maximinn ftequency 120 


per sec. 

C. Inflation— 230 c.c. Mavimum frequency 260 
per sec. (Adrian, J. Phynol.^ 1933.) 



Normal Respiratory Cycles. 


Action potentials are recorded In a single fibre of the 
vagns nerve in tbe decerebrate eat. The 
frequency of the impnlses reaches a tn a xlmnni 
of 60 per sec. at the height of iusidiation 
and falls to a Tniniirmm at the end of ccspliatloin. 
(Adrian, J, Physiol,, 1933.) 


stimTilftted when the are stretched during inspiration. Impulses 

(action potenti^) can be recorded in the distal end of a singU cut vagus 
fibre. The. lungs are passively inflated quicldy by means of a pump ; impulses 
are set up which reach a peak feequency which is directly related to the degree 
of distension, i.e, tkc greater the degree of stretch of the lung, the higher the 
frequency of the impulses set up (Fig. 231). The pulmonary stretch receptors 
do not show adaptation, i.e. as long as the stretch is maintained the frequency 
of the discharge is kept up. With greater lung distension more vagal_ re- 
ceptors are probably stimnlated and thus more vagal afferents come mto 
action. Increased stretch of the lungs thus results in more impulses arriving 
at the inspiratory centre in unit time. 

(2) During natural breathing vagal impulses are set up with the onset 
of iMpiration, and increase in frequency to a masdmnm as the lungs become 
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progressively filled with air ; with the onset of expiration the impulses begin 
to die down and disappear (Fig. 232). 

(3) Evidence will now be presented to demonstrate that the vagal afferents 
(like the pneumotaxic centre but more powerfully) convert the steady dis- 
charge of the inspiratory centre into a rhythmic alternation of inspiration 
and expiration. 

(i) Section of the vagi in the intact animal produces slower and deeper 
breathing (Fig. 236) ; the effect is smaller when one vagus only is cut 
(Fig. 233). 

(ii) If the vagi are intact, a section through the upper pons to cut off the 


"VAGI INTACT 



L. VAGUS CUT 



TIME 0-2 SEC, 

Fig. 233. — Effects of Section of Vagus Nerves in High Decerebrate 
Animal (Pneumotaxic Centre Intact). (Pitts, J, NeurophysioL, 

1942, 5, 405.) 

Impulses (action potentials) were recorded in about two fibres of the phrenic nerve' 
representing (indirectly) the discharge of the inspiratory centre. 

In each record, the upper tracing == respiration lower tracing = phrenic impulses. 

U pstroke =* inspiration. 

Upper record = vagi intact. 

Middle record = after section of the left vagus. 

Lower record = after section of both vagi. 

■^ote that after vagotomy, inspiration is more prolonged ana its rate is reduced. 

pneumotaxic centre" leaves rhythmic breathing intact ; if one vagus is^theu 
cut, breathing becomes somewhat slower and deeper ; if both vagi are cut, 
the inspiratory centre is isolated, rhythmic breathing ceases and apneusis 
sets in. 

(iii) The discharge of the isolated inspiratory centre can be conveniently 
studied by recording action potentials in a single fibre of the phrenic nerve ; 
the impulses follow one another steadily at a high frequency. If the central 
end„. of one vagus is stiraulated. there is. after a latent period , a decrease and 
finally .. an arrest of the inspiratory discharge ; on cessation of stimifiation 
there is an inhibitory after-discharge, i.e. the inhibition of the inspiratory 
centre outlasts for some time the end of vagal stimulation, and then the 
discharge of the centre is resumed (Fig. 234). 

The interpretation of these results is as follows : the isolated inspiratory 
centre is in a high state of central excitation and is vigorously generating 
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and discharging impulses. The afferent vagal impulses are inhibitory to this 
centre and produce in it the characteristic changes of reflex inhibition 
(p. 542). The latent period is due to the time taken for the impulses to reach 
the centre and for the central inhibition to increase sufficiently to overcome 
the existing state of central excitation ; as more impulses arrive along the 
vagus, i n hi bitory recruitment occurs ; more of the cells of the inspiratory 
centre come under the influence of the central inhibitory state until finally 
all activity is extinguished. On cessation of stimulation afferent vagal 
impulses continue to travel in complicated relay paths to reach the inspiratory 



TIME 0*2 SEC. 


Fig. 234. — Inhibition of Isolated In^iratory Centre by Stimnlation of 
Central End of Vagus Kerre. (Pitts, J. NeurophysioL, 1942, d,’407.) 

The pnemnotaxic centre has been cut off by a trans-section through the lovrer pons. 

Both vagi cut. Inspiratory centre isolated. 

In each record, upper tracing shows respiration (upstroke = inspiration), lower tracing 
shows action potentials in a few phrenic fibres (representing discharge of inspiratory 
ceniare.) 

Upper record (A) : sustained discharge of isolated inspiratory centre (apneusis). 

Middle record (B) : Between arrows stimulate central end of vagus. After a latent 
period the inspiw-tory centre is arrested and expiration occurs. Note the long 
inhibitory after-discharge. 

Lower record (C) : Eepeated stimulation of central vagus (betwe n arrows) cuts short 
inspiration and produces expiration. 

centre and to maintain for some time the induced state of inhibition (inhibitory 
affcer-discharge). As the reverberation in the relay paths subsides, the 
inspiratory centre, freed from inhibition, resumes its ^charge. 

(iv) Tiese results explain how the vagi function in the intact animal. 
During inspiratibn, the lungs are progressively stretched and more impulses 
pass up the vagi, until by inhibitory recruitment the discharge of the inspira- 
tbiy centre is arrested and expiration sets in. The impulses passing up the 
vagi then die down and cease, but inhibitory after-discharge maintains the 
quiescence of the inspiratory centre producing a pause between the end of 
expiration and the next inspiration. 

(v) The,j^ee^LiSJ|!td„b^^^ of muscidar exercke or of CO 2 excess can 
hA pyplflined as follows. M the inspiratory centre is hemg stimulated 
directly„aud,r.eflexly it is in a high state of excitationand discharges vigorously 
t o the sp inaLmotor ueurones producing a powerful inspiration. The^afferent 
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vagal impulses have to compete against this higher level of concentration ; 
more afferent imptdses than normally must arrive in unit time to produce 
this inhibition ; inspiration thus proceeds longer, i.e. the inspiration is deeper, 
until with greater stretch of the lungs the afferent vagal backlash inhibits 


Pn.C. 



Fig. 236. — ^Diagram of Respiratory Centres. 

Pn. 0., Pneumotaxio Centre. 

I. C., Inspiratory Centre. 

The + sign in the cell indicates that the centre discharges spontaneously. 

B. 0., Expiratory Centre. 

Insp. Muscle, Inspiratory muscle. 

Exp. Muscle, Expiratory muscle. 

Vagus, Vagal afiferents from lungs. 

The interrupted lines indicate tiEe reciprocal innervation which probably 
takes place. 

Thus : Pneumotaxlc Centre inhibits Inspiratory Centre and may stimulate 
Expiratory Centre. 

Inspiratory Centre stimulates spinal inspiratory motor neurones and 
inhibits expiratory spinal motor neurones. 

Expiratory Centre stimulates expiratory spinal motor neurones and 
inhibits Inspiratory spinal motor neurones. 


the inspiratory centre. The inhibitory after-discharge likewise has to com- 
pete against a highly excited inspiratory centre; central excitation soon 
attains the upper hand and after a shorter interval the next inspiration 
starts. Breathing is thus both deeper and quicker. Expiration involves 
strong contraction of the expiratory muscles owing to powerful stimulation 
of the expiratory centre. 

(Fig. 235).— From what has been said above it is 
clear that the “ inherent ” steady discharge of the inspiratory centre Js 
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converted into a^rhyth^ action, by two automatically operating inhibitory 
rgechanisms each of which is indirectly set into operation by the inspiratory 
centre itself : 

(ij via the pneumotaxic centre (p, 386). 

(ii) via a discharge to the inspiratory muscles, leading to inflation of the 
lungs, stimulation of the pulmonary stretch receptors and the setting up of 
afferent inhibitory impulses in the vagi (p. 387). 





i^G. 236. — Effects of Injury to Central Bespiratoiy 
MechaiusiDS. 

Eecord of Beapiratory Movements. Inspiration «ri»troke. 

a, STomial ; 6, Slow, deep breathing following double vagotomy; 
c, Trans-section through poia in vagotomized animal, parUaUy 
cutting off pneumotaSdc centre. Apneustic breathing inter- 
spersed with gasps ; d. Trans-section through upper medulla. 

Gasping breathing, (Lumsden, J, PAywo?., 1923, 57). 

Efpbcts of In 5 TJEY„tp Bespi]^tory Centres. — When the respiratory 
centre is depre^ed hy severe asphyxia or anoxia, over-dosage wxfitMsesthetics 
or medulla;^, ansemia, normal breathing is replaced successively by apueuses 
and gasps/and finaUy^^s^^^ (cf. Fig. 236, c, d). ^ Cpnvei^ly, if 

recovery is' brought about by artiflcial respiration or other suitable metho^, 
restoration* of breathing occurs in the reverse order. Apneustic breathing 
may occurjin infants foUowing birth injuries ; in such cases hsemorrhages 
have been demonstrated post-mortem in the pons. 

Mech^ism of Breathing. — The pattern of the nervo^ discharge from 
the hbmsdly contirblled inspiratory centre can be conveniently studied by 
recording action potentials in single motor units of the respiratory muscles 
(p. 503) or in single fibres of the nerves supplying them (Fig. 237). The muscles 
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more muscle fibres are in action and a more extensive chest movement 
results. The expiratory muscles are treated in a similar manner. 

When the inspiratory centre is depressed its discharge becomes of lower 
frequency, of shorter duration (Fig. 238, C) and involving fewer motor units ; 
inspiration becomes progressively feebler and finally ceases. 

Regulation of ..the Breaking. — Respiration is adjusted to serve a 
number of purposes ” in the body. 

(1) To supply oxygen and get rid of CO^ formed in the body. Both the 
oxygen requirements and the amount of COg liberated are proportional to 

H.C 



“ Fia. 239. — Kegul&tioxi of Reepiration. 

E.C.»»Eespiratory centre ; H.C. «Hi^er centres; C.C.»»Cardlic centre ; VJi£.C.«» Vasomotor centre; 
C.S.»Carotid sinns region (inclnding carotid body); Sin-X.=»Sinus nerve; Ao.H.** Aortic nerve 
(aortic arch includes the aortic body) ; 4* “Stimulates breathing ; — = Depresses breathing. 

the degree of activity of the body. All other things being equal, then, the 
pulmonary ventilation is directly proportioned to the metabolic rate. The link 
between metabolism and breathing is probably the variation in the COg 
tension in the blood. It should be emphasized that a level of ventilation 
sufficient to eliminate COg in appropriate amounts {at sea levels and when 
breathing air of normal composition) is more than adequate to meet the 
oxygen requirements (except under conditions of extreme exertion),^ 

(2) To help to regvdate the ion concentration of the blood. The breathing 
responds in an extremely sensitive manner to the slightest change in the 
H"*" ion concentration of the blood and in a way that tends to restore the 

^ “ Over the oxygen supplies of the body CO* spreads its protecting wings ” 
(Miescher). 
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reaction to its norma level. The p'idmmary ventilation ihus vane$ with the 
reaction the blood. 

(3) To maintain the appropriate oxygen tension of the blood in certain 
conditions of anoxia. 

(4) To help to maintain the normal body temperature. 

The main factors to be considered in our analysis are : (cf. Fig, 239) : 

(1) Q.Qg..excess and lack. 

(2) Changes in H+ ion concentration of blood. 

(3) O^lack. 

(4) TKise^ of bipod temperature. 

(5) Effects of changes in arterial blood pressure ana cereora blood 
flow. 

(6) Voluntary and other reflex variations in breathing. 

CO 2 and Breathing. — ^Fresh air contains negligible amounts of COg 
(0*03%). When the inspired air contains excess COg breathing increases 
first in depth and later in frequency, the former being quantitatively the 
more important. The pulmonaiy ventilation increases strikingly as shown 
in the Table below (from Haldane and Priestley). The venous blood as it 


Paroentage CO, 
in Inspired 
Air. 

Areragd Depth 
of 

Roapiration. 

Arerage 
Frequency per 
Minute, 

Ventilation of 
Alreoli with 
Inspired Air. 

jPercentage CO, 
i in Alveolar 
Air. 

0*04 

673 O.O. 

14 

100 taken as 
normaL 

5*6 


739 O.O. 

14 

116 

5-5 

2*02 

864 o.e. 

15 

153 

5*6 

307 

1216 C.O. 

15 

226 

■,5*5 

5*14 

1771 C.O. 

19 

498 

6*2 

5*02 

2104 O.O. 

27 

867 

6*6 


flows through the lungs normally yields up a certain amount of CO^ which 
passes into the alveoU whence it is eliminated by the fresh air breathed. 
If the inspired air contains much COg, it cannot eliminate COg so well from 
the alveoU unless the pulmonary ventilation is changed. The alveolar COg 
therefore rises slightly. As the arterial blood leaves the lungs in equilibrium 
with alveolar air, the arterial COg tension also rises. Breathing is conse- 
quently stimulated, and so compensates for the inspired air being ‘‘con- 
taminated ” with COg. The alveolar COg is thus reduced practically to its 
normal level. Alveolar COg never falls quite to normal, for should it do so 
the stimulus to excessive breathing would cease and COg would reaccumulate. 
In other words pulmonary ventilation is stimulated for as long as the COg- 
rich mixture is inhaled, thus keeping alveolar and arterial COg tensions 
almost normal. 

This compensatory mechanism has its limits, however. As the inspired 
COg content approaches the level found in alveolar air it becomes incr^singly 
difficult to eliminate COg as rapidly as it is formed and {e.g. with inspired 
COg of 5*14% the alveolar COg rises (e.^. from 6*6 to 6*2%)). Obviously 
when the inspired C 02 % exceeds that in the alveolar air full compensation 
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is impossible and the alveolar COg rises markedly {e,g, to 6*6% when the 
inspired COg is 6-02%) in spite of tremendous overventDation. There is 
some mental confusion and depressed sensory acuity, the heart quickens and 
the blood pressure rises. (For effects on circulation cf. pp. 274, 309). When 
fresh air is breathed again, respiration soon tends to decrease towards 
normal, but some of the other symptoms may become temporarily aggravated 
(especially the headache) and in severe cases vomiting may occur. When 
the COg concentration in the blood is very high, grave tosic effects appear, 
consisting of cardiac slowing, loss of consciousness, and then depression and 
finally cessation of breathing. 



Fra. 240. — ^Effect of CO, Excess on Isolated Respiratory Centre. (Stella, 
J. Physiol, 1938, 93, 267.) 


Cat. Trans-section through the njpper pons to cut off the pneumotaiic centre. The 
inspiratoiy centre is temporarfly isolated by blocking the vagi. The height of the 
r^ulting, sustained inspiration (apneosis) is a measure of the discharge of the 
inspiratory centre and, therefore, of its degree of excitation. 

Control, breathing air. At C, block vagi. Xote height of apneusis (a). Between arrows 
inhale 8 % CO2 in air. JS^ote stimulation of breathing. At C, block vagi (including 
afferents from the aortic bodies). Note that the resulting apneusis (b) is greater 
than in (a). As the effect of CO2 exc^ wears off, the height of the apneusis 
resulting from vagal block (C), te. (c), (d), (e), becomes progressively smaller. 


Mode op Action op COg. — This is complex in character. COg acts 
mainly directly on the inspiratory centre and partly rejlexly by stimidating 
ohemoreceptors in the carotid and aortic bodies (p. 738), thus sending 
excitatory impulses to the centre. 

(i) Direct Action , — In an animal with a low pontine trans-section (to cut 
off thefpneumotaxic centre), the two vagi are blocked by means of cold ; 
the released, isolated, inspiratory centre sets up an apneusis and its height is 
noted (Fig. 240 (a)). The vagi are warmed and rhythmic breathing returns. 
The animal is given a COg-rich mixture to breathe and during the response 
the vagi are blocked again ; the resulting apneusis is far bigger than in the 
control experiment (Fig. 240 (b)) ; this observation proves that COg stimulates 
the inspiratory centre. After denervation of the carotid and aortic bodies, 
stimiates the ^plated inspmatoiy centre (though to a smaller extent). 
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proving that its action is in part a direct one. Conversely, if the vagal block 
is carried out after a bout of overventilation to eliminate CO 2 the resulting 
apneusis develops very gradually and is feeble (Fig. 241). As results, quali- 
tatively similar through quantitatively smaller, are obtained after denervating 
the carotid and aortic bodieSj^COg lack depresses the inspiratory centre in 
part, by a direct action. 



Fig. 241. — ^Effect of CO a lack on Isolated Inspiratory Centre. 
(Stella, J. Physiol. f 1939, 93, 269.) 

fCat. TraBS-section through the upper pons to cut off the pneumotaxic centre. 
Isolate the inspiratory centre temporarily by blocking the vagi : the 
height of the resulting, sustained inspiration (apneusis) is a measure of the 
discharge of the inspiratory centre and, therefore, of its degree of 
excitation. 

f,|A. Control : quiet breathing. At arrow, block vagi. Note rate of developmen 
and height of apneusis. 

B. Artificial respiration (A.E.) has been carried out to induce CO2 lack. When it 
was stopped, apnoea set in. 

During the apnoea, at the arrow, block the vagi (including afferents from the 
aortic bodies). Note the long latent period before the apneusis begins to 
develop. 


(ii) Reflex Action . — The reflex effects of CO 2 via the chemoreceptors are 
discussed on p. 745. 

H+ ion Concentration and Breathing. — ^Breathing is very sensitive to 
changes in H+ ion concentration of the blood ; the pulmonary ventilation 
changes in a manner that tends to restore the blood reaction to its normal 
value. As was pointed out above (p. 393), one of the main functions 
of breathing is to help to maintain the blood reaction within proper 
limits. 

Response to Acidemia. — ^When the 11+ ion concentration of the blood 
tends to rise, the pulmonary ventilation is increased, more fresh air is taken 
into the lungs, more COg is eliminated, and the level of the alveolar C 02 lfalls 
below normal. As the alveolar CO 2 tension regulates the amount^of H 2 CO 3 
in the arterial blood, a fall of alveolar. COg results in a lowered arterial COg 
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and HgCOg content. ^ The numerator in the expression HgCOg/BHCOo which 
deteri^es the H+ ion concentration (cH) of the plasma is decreased and 
thp the blood reaction tends to return to normal (p. 92) ^ The tendency to 
acidsemia which initiated these changes is thus combated (cf. Fig. 57). 

Such a response occurs in the following conditions : 

(i) During the secretion of the alkaline digestive juices (pancreatic juice, 
bile, and succus entericus) as sodium bicarbonate is excreted leaving a relative 
excess of H+ ions in the blood. 

(ii) A meat diet gives rise to excess of acid radicals, especially H3PO4 
and H2SO4 derived from the oxidation of the P and S of the protein molecule, 
and therefore tends to cause an acidsemia (cf. p. 99). 



Fia. 242. — Changea in Alveolar CO5 Tension with Meals. 

Ordinate— Alveolar CO, tension in mm. Hg. A— Normal subject ; B— Healthy sabject with complete 
achylia gastrica ; C— Case with marhed hypersecietion of gastric juice. (Dodds and Bennett. 
J.PhyHol., 1921.) 


(iii) If ammonium chloride is ingested, the NH3 portion is split off ; it 
is combined with carbonic acid and converted into urea. 




urea 


H+ ions are liberated this tends to produce acidsemia (cf. p. 98). 

(iv) In diabetes mellitus and starvation, jS-hydroxybutyric and aceto- 
acetic acid accumulate in the blood (p. 924). 

In all these cases of tendency to acideemia, increased breathing occurs 
with resulting lowering of the alveolar and arterial COg tension. 

Response to Alkaljemia. — When the H+ ion concentration of the blood 
tends to fall, the pulmonary ventilation is diminished, CO2 is retained, the 
alveolar COg consequently rises, the arterial CO 2 and HgCOg rise, the ions 
m the blood are increased and the normal blood reaction is restored. The 
increase in HgCOg in the expression H2C03y^’BHC03 compensates for the 

BHCOs 

pK =(-"logi.cH)=6-l+log 
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initial inciease in BHCO3 (cf. Fig. 57). These general principles are well 
illustrated by the following examples : 

(i) During gastric secretion HCl is eliminated from the blood, with a 
consequent tendency to alkalaemia. 

(ii) The same effect is produced by the ingestion by mouth of NaHCOg, 
which is absorbed as such into the blood stream. 

(iii) A vegetable diet contains a relative excess of basic radicals, and so 
tends to increase the alkalinity of the blood. 

In all three conditions the pulmonary ventilation is diminished and the 
alveolar CO^ rises. As a result, the arterial CO 2 tension, the H 2 CO 3 content 
and the concentration of H+ ions in the blood all rise, thus compensating for 
the initial alkalaemic tendency. 

Fig. 242 shows the compensatory changes in the alveolar air (and there- 
fore in the arterial blood) occurring with meals. The initial rise of alveolar 
COg runs parallel with the amount of gastric acid secreted. In achlorhydria- 
in which condition no gastric HCl is formed — no initial change is observed 
in the alveolar air. During the phase of alkaline secretion {Le, of pancreatic 
juice and bile) the alveolar COg falls. These changes are best seen after the 
first meal of the day ; after later meals the effects are not well marked, 
because the response to one meal blurs the reactions to the succeeding one. 

Mode oe Action op H+ ion Changes. — As in the case of COg, changes 
in the H+ ion concentration affect breathing in two ways : (i) by stimulating 
the respiratory centre directly ; (ii) reflexly, by acting on the chemoreceptors 
in the carotid and aortic bodies (p. 745). 

Effects of Oxygen Lack on Breathing. — The effects of oxygen lack 
are complex and depend in part on the degree of acuteness and severity of 
the deprivation. 

( 1 ) If an inert gets Uhe nitrogen is breathed, the COg is eliminated quite 
normally from the alveoli, but the oxygen present there is washed out as well. 
Not only does the venous blood reaching the lungs soon cease to gain any 
oxygen, but when the oxygen content of the alveoli falls sufficiently, the 
venous blood gives up its oxygen and the arterial blood leaves completely 
reduced. Some initial hyperpnoea occurs as a rule, but within 45 seconds 
loss of consciousness develops suddenly, and practically without any warning, 
from oxygen lack to the brain. There are n 6 reserve stores of oxygen in 
the tissues (unlike COg) ; the only oxygen present there is the minute 
amount which is present in solution. Soon after, breathing decreases and 
ceases from failure of the respiratory centre. 

( 2 ) If the oxygen lack is less severe^ the effects produced depend on how 
rapidly it is induced. 

If the subject breathes in and out of a large bag through a soda-lime 
tower (to absorb COg) the COg evolved is removed and does not therefore 
accumulate in the bag, but the oxygen content gradually diminishes. The 
breathing is unaffected till the oxygen in the bag is reduced by about one- 
third, i.e. from 21 % to 14%. In sensitive subjects a considerable increase 
in the breathing may now occur ; but often the increase is slight. It con- 
trasts very striMngly with the early intense hyperpnoea which results from 
even a small rise of COg in the inspired air. The effects on respiration and 
circulation in a typical experiment are set out graphically in Fig. 243. The 
changes in the alveolar air are shown in the Table on p. 400. 
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243. — Circiil&iory and Bespiratoiy Responses to Prc^resaive Anoxia in Man. 

After a contnd period the sobjeet rdiireatbed from a bag containing air, through soda Hme to absorb COt; 
the experiment was terminated when the snbjeri* iainted. The peroenta^ saboxation of ihe arterial 
blood with oxygen fell &om $5 to 95 ; the pulmonary ventilation gradnally increased firom 4 to XO 
litres per minute ; the eircniarion time initlwfddfiom 24 to 17 seconds (soggesting increased cardiac 
output) ; the pulse rate rose &oni $5 to 130 per minute. In the blood pressure record, upper line» 
systolic, lowtt line«-dia8tolie, shaded area* poise isessure. The blood pressmes remained unehsnged 
for the hist 20 xninoteB of anoxia, Just before oonectonmess was lost, systolic and diastolic blood 
pressure feQ abruptly, the vezKms pressure rose, and the Gireolation time was lengthened, indicating 
aeute heart fafloxe. On hmthlsg air acmal cnndftiftts were restored. Tfae faiematccrit value was 
unchanged throuidumt ; there was no change in red cell concentration and no evidence of discharge 
of stmd red enpQseles. (Be^wn fSrom Snhkr •( d., .dsisr. J, PAgtid., 1343, 1S8, 5dS.) 
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Inspired Air 

Alveolar Air 

Alveolar Air 

Pulmonary 

^*% 

^i% 

co.% 

Ventilation. 

20'9 

14-5 

6-64 

Control 

160 

10-4 

6-62 

Unchanged 

12-8 

8-3 

5*37 

Slightly increased 

111 

7-1 

4-89 

Increased 

6-2 

4-3 

3-67 

Greatly increased 

63-7 

67-6 

6-41 

Unchanged 

80-2 

72-2 

6*84 

Unchanged 


Normally the alveolar 0^ percentage (14%, 100 mm. Hg pressure) is 
about 7% less than the atmospheric Og percentage (21%, 150 mm. Hg. 
pressure). The effect of the increased breathing is to make better use of 
such oxygen as is available in the inspired air ; the difference between the Og 
concentration in the atmosphere and the alveolar air is less than normal. 
The blood is therefore better oxygenated than it would have been in the 
absence of the compensatory hyperpnoea. At the same time COg elimination 
is increased ; as there is no corresponding increase in COg production the 
alveolar COg tension falls. The associated fall in arterial COg tension depresses 
the central respiratory mechanism and so prevents the anoxia from exerting 
its full stimulating action on breathing. For these reasons also there is a 
tendency, too, for breathing to wax and wane, ix, be 'periodic in character. 
The effects may be summarized thus : 

Oxygen lack — stimulates breathing — ^increases pulmonary ventilation- 
lowers alveolar COg— lowers arterial COg — alkalsemia — depresses breathing. 

It is thus difficult to establish adequate compensation, as the stimulus of 
oxygen lack to breathing constantly tends to be counteracted. Cyanosis 
develops when the oxygen content of the inspired air falls to 10% ; there is 
then marked mental incapacity. Consciousness is lost a little later, from 
oxygen deprivation of the higher centres. 

(3) The results are different when ox'ygen loch is of very gradual onset 
and ample time is available for all the compensatory activities of the body 
to be brought into play. This is well seen on ascending grad'ually to high 
altitudes. Fig. 244 shows the relationship between altitude and barometric 
pressure. Thu percentage composition of the atmosphere is unaffected by 
altitude, but the oxygen pressure in the inspired air is reduced proportionately 
fco the decrease in total atmospheric pressure. 

Symptoms set in when a height of about 11,500 feet is reached winch 
corresponds to a barometric pressure of about 500 mm. Hg, i.e, two-thirds 
of the normal level. With rapidly developing anoxia the chief stumbling- 
block in the way of an effective respiratory response is the excessive washing- 
out of COg from the blood, which tends to depress breathing. It is found, 
however, that after sta^jdng for some time in rarified atmospheres a process 
of acclimatization develops and persistent hyperpnoea is maintained, in spite 
of the lowered alveolar (and arterial) COg tension. Thus in acclimatized 
subjects on Pike’s Peak in Colorado the pulmonary ventilation had increased 
from 10-4 to 14*9 litres per minute, and the alveolar COg tension was 27 mm. 
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Hg instead of the normal 40 mm. Eg. Warren, during the 1938 Everest^ 
expedition, found that at 22,000 feet (barometer =340 mm.) the alveolar 
CO 2 tension was 17 mm. ; (the alveolar oxygen tension was 40 mm. !). The 
breathing at these great heights was very rapid, about 55 to the minute, and 
very deep. At 28,000 feet, Somervell found that for every single step 
forward and upward 7—10 complete respirations were required. Values 
for the pulmonary ventilation are not given, but it must have been very 
great. Breathing quickly and deeply was very easy at high altitudes 
owing to the low density of the air. 



Fio. 244. — Curves showing Relationship of Barometric Pressure to Altitude. (Haldane 
and Priestley, RespircrfioTi, 1935.) 

The upper curve is calculated from the formula of Zuntz and others, assuming a mean temperature of 
15 ^ C. The lower curve is calculated according to the internationally adopted system of altimeter 
graduation. 


To enable such an enormous ventilation to contiuue iu spite of the low 
arterial COg tension, it is obvious that the alkalsemia must be compensated 
for in some way. This is done by the kidney, which excretes a less acid nrine 
and less ammonium salt ; the urine may even become alkaline.^ The kidney 
thus eliminates the excess of base, keeps the blood reaction fairly constant, 
and permits oxygen lack to continue to stimulate ventilation (•cf. p. 98).* 

The sequence of events may be thus summarized : Oj l^k — increases 
pulmonary ventilation — alkalssmia — compensated for by the kidney . 

As a rule in acute experiments the increase in breathing due to oxygen 

1 But according to Mr. Chiu, in 1717 the mountain was first given the Chinese name 
of C5hu-mu-lang-ma (Peak of Sacred Mother’s Spring). 

* For other effects of oxygen lack, see pp. 442 et seg. 


402 


MODE OF ACTION OF OXYGEN LACK 



Fig. 246. — ^Effects of Oxygen Lack on 
Bespiration. (Selladurai and Wright, 
Quart, J, exp. Physiol.^ 1932.) 

Cftt. Decerebrate. Sinuses denervated and vagi 
cut. Time in 6 sec. Inspiration >= upstroke. 

Inhalation of 11-6% O 2 mixture at arrow. Eapid 
onset of respiratory failure. Air given at 
second arrow. Breathing gradually[^recovers. 


lack is chiefly in rate and not in 
depth, thus contrasting with the effects 
of COg excess. 

Mode of Action of Oxygen 
Lack. — Moderate oxygen lack stimu- 
lates breathing in the intact animal 
But if the sinus nerves and, vagi are 
severed, inhalation of the same oxygen- 
poor mixture usually produces a rapidly 
developing paralysis of respiration 
(Fig. 245). Oxygen lack thus directly 
depresses the “ deafferented ” respiratory 
centre; suitably performed perfusion 
experiments show that anoxia acts on 
the sino-aortic ohemoreoeptors, setting 
up excitatory impulses which reflexly 
stimulate breathing (of. p. 745). As a 
rule, in the intact animal the reflex 


stimulation prevails and increased ventilation results. It was explained on 
p. 400 how this hyperpnoea by washing out COg sets up further complications. 

The action of anoxia on the inspiratory centre can be demonstrated in 
the same way as described for COg (p. 395). The pons is trans-sected to cut 
off the pneumotaxic centre ; when the vagi are temporarily cold-blocked, the 
nspiratory centre is ‘‘ isolated ” ; it discharges steadily and a control apneusis 



Fig. 246. — ^Effect of Oxygen Lack on Inspiratory Centre. (Stella, 
J. Physiol, 1939, 95, 366.) 

€^. Trans-seGtion tbrough the upper pons to cut off the pneumotaxic centre. On 
blocking the va® (c), the inspiratory centre is released. The height of the resulting 
inspiration (apneusis) is a measure of the activity of the inspiratory centre. 

A. Control, breatmng air ; block vagi : note hei^t of ajpneusis. 

B. At arrow, inhale 6% O 2 . Breathing is reflexly stimulated ; block vagi (c) : note 

more powerful apneusis than in A. 

C. Denervate carotid sinuses. Inhale 6%, O 2 . Breathing is depressed. Block vagi 

(including afferents from aortso bodies) ( 0 ) ; note very feeble apneusis. Oxygen 
lack directly depresses the inspiratory eenhre. 
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is recorded (Fig. 246, A). The va^ are warmed again, thus allowing rhythmic 
breathing to return. The animal is given an Og-poor mixture to breathe and 
at the height of the response the vagi are again cold-blocked ; a’more powerful 
apneusis sets .in, showing that anoxia stimulates the inspiratory centre (Fig. 
246, B). The stimulation might be a direct or a reflex one. The experiment 
is repeated after cutting the sino-aortic nerves coming from the chemorecep- 
tors ; when the vagi are blocked again during a period of anoxia a smaller 
apneusis than in the control develops (Fig. 246, C). Anoxia thus directly 
depresses the inspiratory centre, but, via the chemoreceptors reflexly stimulates 
it. 

Effects of Oxygen Excess. — ^Pure-^oxygen (at atmospheric pressure) 
can be breathed in man without ill effect for short periods, e.g, for several 
hours. There are few records of the effects of such inhalations for longer 
periods owing to fear of producing the pulmonary damage which develops 
in small animals breathing pure oxygen for several days ; 100% O 2 has been 
breathed in a few instances for two days without ill effect in man ; ^60% Oj 
mixtures can he breathed in man indefinitely with perfect safety. It is necessary 
to emphasize these facts owing to the very widespread confusion on the 
subject. There is no cha]:]^e in pulmonary ventilation, metabolic rate or 
blood pressure ; mental activity is not stimulated. As pointed out on p. 194, 
erythropoiesis in the red marrow is depressed. The cerebral blood flow is 
slightly decreased owing to local vasoconstriction (p. 306). 

If men are exposed to 4 atmospheres oxygen pressure, grave symptoms 
develop in less than 1 hour ; these consist of faintness, fall of blood pressure, 
or convulsions.^ In a series of healthy men exposed to 3*7 atmospheres Og 
pressure, great and unpredictable variations in tolerance were observed, 
symptoms occurring in 6-96 minutes. A very common early symptom was 
lip-twitching ; twitching also occurred in the arms ; other symptoms were 
dazzle, giddiness, nausea, vomiting, irregular respiration, confuaon and in 
some instances convulsions and unconsciousness.^ It has been proved by 
experiments on isolated brain slices that high O 2 pressure directly poisons 
many of the enzymes concerned with tissue oxidation thus paradoxically 
inducing cerebral anoxia.® The symptoms of o:s^geR poisoning are mainly 
referable to the central nervous system which is highly susceptible to the 
effects of anoxia.* BKgh oxygen pressure may also decrease the cardiac output 
and cause cerebral vasoconsfeotion. 

Climatic Conditions and Breathing. — ^When the body is exposed to 
warm and very moist external surroundings, regulation of body temperature 
becomes very difficult, as heat loss by evaporation and radiation &om the 
filnn is greatly interfered with. The pulmonary ventilation under these 

^ Beimke et oZ., Amer. J* Physiol., 1935, 110, 566, Bean, Physiol. Eev., 1945, 25, 1. 

* Donald, Brit. med. J., 1947, i, 667, 711. 

® Dickens, Biochsm. J., 1946, 40, 145, 171. 

* The poisonous effects of bigh Og pressures have been attributed in part to rstpUion 
of OO 2 in the body. At 2 atmospheres Og pressure the amount of 0^ di^olved in the 
plasma is over 4 c.o.% (normal 0*3 c.c.) ; this is sufficient to meet the resting 0* require- 
ments of the tissues (4 c.o. per 100 c.c. of blood flow) ; consequently no reduction of 
osyhsemoglobin takes place. As this substance is more acid than reduced haemoglobin, 
base is not Tnniift available for the uptake of the CO* formed in the tissues (cf Hg- 253) ; 
oxyhaamoglobin also combines less readily than does reduced haemoglobin with CO* to 
form carbamiao-haemo^obia (Fig. 252). 
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conditions is considerably increased ; naore water vapour is elimiaated in 
the expired air, thus getting rid of extra heat from the body. The alveolar 
and arterial COj tension falls ; the resulting alkalaemia is compensated for 
in the usual way by the excretion of an alkaline urine (cf. p. 478, and Kg, 56 
p. 99). 

Blood Pressure, Cerebral Circulation, and Breathing.— A sudden 
marked rise of blood pressure in the resting animal depresses respiration ; a 
fall of blood pressure stimulates breathing. These effects are reflexly produced 
by the presso-receptors in the carotid sinus and aortic arch. The evidence is 
as follows : 

(i) A rise of pressure in the perfused carotid sinus reflexly inhibits breath- 
ing (Fig. 477, p. 741) ; conversely, a fall of carotid sinus pressure (e.^. as a 
result of occluding both common carotid arteries) reflexly stimulates breathiag 
(Fig. 480, p. 743). By appropriate methods, similar results can be obtained 
by modifying aortic blood pressure ; the afferents concerned are the endings 
in the adventitia of the aortic arch. 

(ii) The increased breathing characteristic of haemorrhage (p. 83) is pro- 
duced reflexly partly by the fall of blood pressure (and partly by the anoxia). 

(iii) The rise of blood pressure set up by adrenaline is accompanied in the 
intact animal by depression or cessation of breathing (Fig. 458, p. 726). This 
adrenaline apnoea is almost wholly reflexly produced by the rise of blood 
pressure acting on the aortic and sinus nerve endings. The apnoea cannot 
usually be brought about after section of the vagi and sinus nerves, i.e. a 
rise of blood pressure does not directly depress the respiratory centre. 

It should be remembered, however, that in intact man a rise of blood 
pressure is frequently (in fact, commonly) associated with increased pulmonary 
ventilation. Thus, in vigorous exercise the breathing is stimulated in spite of 
the rise of blood pressure because the chemical changes in the blood (e.^. 
increased COg and H+ ion concentration) overcome the inhibitory reflex from 
the presso-receptors. 

The respiratory centres, more than the other bulbar centres, rapidly 
lose their excitability if their oxygen supply is cut off (Fig. 245) or if their 
blood supply is interfered with, as by raised intracranial pressure (p. 464) 
or by cerebral anaemia. 

Role of Afferent Nerves in Breathing. — (1) Vagi. — (i) The role of the 
vagi in normal respiration is fully discussed on pp. 387 et seq, 

(ii) The afferent fibres from the laryngeal mucous membrane are con- 
cerned with the cough reflex which guards the respiratory passages against 
the entrance of foreign bodies. 

(2) Afxbrents from the Cardio-Vasoular System and Chemorecep- 
TORS.^*^ — (i) It was shown above that blood pressure changes reflexly modify 
breathing by acting on the nerve endings in the aortic arch and carotid 
sinus. 

(ii) A rise of venous pressure reflexly stimulates breathing (cf. pp. 273, 
461): 

(iii) The reflex effects of variations in COg tension and H+ ion concentra- 
tion, of Og lack, and of various drugs, on respiration are considered on p. 745. 

1 Heymans et ah. Arch. int. Pkarma^iodyn, 1927, 33, 273 ; 1930, 29, 440 ; J. Physiol, 
1930, 69, 264 ; Le Sinus Carotidien, 2iid edn., Paris, 1933. Schmidt and Comroe, Physiol. 
Bev., 1940, 20, 116. 
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These results must be considered in conjunction with those described in 
the discussions of the mode of action of COg, H+ ions, and oxygen lack on 
breathing (pp. 394, 396, 398). The entire evidence proves that the chemical 
changes in the blood regulate breathing to a significant extent reflexly from 
the chemorecepiors in the carotid and aortic bodies, 

(3) Other Factors inelxjencing Breathing. — Breathing is also in- 
fluenced by the following factors : 

(i) the higher centres, e.g, cerebral cortex or hypothalamus (Figs. 433, 449) ; 

(ii) ^ afferent impulses from the surface of the body, e,g. painM or thermal 
stimuli ; 

(iii) during swallowing, breathing is reflexly inhibited by impulses coming 
in the glossopharyngeal nerve from the post-pharyngeal wall ; 

(iv) du^g sl^p the respiratory centre is depressed ; although the meta- 
bolic rate is reduced, the respiratory centre cannot maintain a level of pul- 
monary ventilation which is adequate to deal even with the reduced rate of 
CO 2 formation ; the alveolar COg tension consequently rises considerably. 

General Survey of Control of Breathing. — (1) In the resting in- 
dividual the pulmonary ventilation is adjusted to the rede of metaholism. 

The basal metabolism in an average man is about 70 Cal. per hour (p. 378), 
or 1*15 Cal. per minute. The O 2 intake per Cal. is 210 c.c. (as 1 litre of Og 
burnt in the body yields about 4*8 Cal. (p. 375)). The O 2 requirement under 
basal conditions is thus about 240 c.c. per minute. 

From every 100 c.c. of inspired air about 4 c.c. of oxygen are absorbed 

240 

into the blood. So the pulmonary ventilation at complete rest is x 100 = 

6 litres per minute. In a woman the basal pulmonary ventilation is about 
4*5 litres per minute. 

It is clear from the above considerations that any of the factors (enumer- 
ated on p. 378) which modify the metabolic rate produce corresponding 
alterations in the pulmonary ventilation. The effects of different degrees of 
exertion on the respiratory exchanges are well shown in the Table below (from 
Haldane and Priestley). The effects of exercise are folly discussed on pp. 435 
et seq. 



Oj intake 
per min. 

COj output 
per min. 

Pulmonary 
Ventilation 
per min. 

Alveolar 

co.% 

B.Q. 1 

} 

Rest in bed 

237 C.C. 

197 C.C. 

7-7Utrea 

5*97 

0*88 

Rest, standing . 

328 c.c. 

264 C.C, 

10*4 litres 

5*70 

0-80 

Walking — 

2 miles per hour 

780 c.c. 

662 C.C. 

18-6 litres 

6-04 

0*85 

3 miles per hour 

1065 c.c. 

922 C.C. 

24*8Utres I 

610 

0*86 

4 miles per hour 

1595 C.C. 

1398 C.C. 

29*0 litres ■ 

6-36 

0*88 1 

5 miles per hour 

2543 C.C. 

2386 c.c. 

60*9 litres I 

6-10 

0*90 1 

i 


The lirik between metabolism and breathing is mainly the oration in 
the CO 2 tension of the blood, to which breat^g is exquisitely sensitive. 

(2) Breathing is comparatively insensitive to oxygen h^h, tml^ it is 
severe. Therefore at sea level, when air of normal composition is inspired. 
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oxygen lack plays little part in controlling breathing. At high altitudes, 
or in oxygen -poor atmospheres, it becomes the dominating factor and 
stimulates breathing, although there is no change in metahoUc rate, and aUhoug'k 
the effect of the hyperpnoBa is to produce an alkalcemia. The “ goal ” of the 
hyperpnoea is, of course, to improve the oxygenation of the hlood. 

(3) Changes in blood reaction duetto normal bodily processes (as discussed 
on p. 397) are constantly modifying the pulmonary ventilation above or below 
that required by the metabolic rate* in order to preserve the optimum H+ ion 
conceniiation, 

(4) External moist heat sets up hyperpnoea, which tends to cool the body ; 
incidentally an alkalsemia is produced which has to be compensated for in 
appropriate ways (p. 478). 

(5) The levd of the blood pressure probably only affects breathing refledy 
in the intact individual when it is altered rapidly and to a^significant extent 
(p. 404) and if the subject is at rest. 

Effects of Voluntary Hyperpticea. — ^The subject breathes very deeply 
and “quickly for 2-3 minutes and then allows his breathing to act independ- 



Fio. 247. — Periodic Breathing following Vohmtaiy Hyperpnoea. 

Becord of respiration. After a period of volmitaxy hyperpneea, apnesa devriops, followed 
by periodic breathing. 


ently of voluntary control. The bout of overventilation is followed by 
depressed breathing or by apncea (cessation of rhythmic breathing). A phase 
of periodic breathing commonly sets in, after which respiration gradually 
becomes normal. Examiaation of the alveolar air at the end of the over- 
ventilation shows that the CO 2 tension is greatly reduced, e.g. to 15 mm, Hg 
(normal 40 mm.) and the Og tension is raised, e,g, to 140 mm. Hg (normal 
100 mm.) (Figs. 247, 248). 

The apncea is due solely to the CO 2 lack (i.e. CO 2 tension below the mini- 
mum necessary for rhythmic breathing) and is not the result of the excess 
O 2 in the alveolar air. The following evidence may be quoted : 

(i) If the overventUation is carried out with air containing 5% COg so 
that the alveolar COg concentration is not lowered, no apncea occurs ; in fact 
hyperpncea persists after discontinuing the experiment although the alveolar 
O 2 concentration is raised to about 19%. 

(ii) The inhalation of pure Og very markedly raises alveolar Og concentra- 
tion, e.g, to 80% ; but it does not alter alveolar COg concentration and has 
no effect whatever on breathing. 

During the period of apnoea, oxygen is being steadily removed from the 
alveoli, so that two minutes later, the alveolar oxygen tension is only 30 mm, 
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Hg ; severe oxygen lack is tiius present. At tke same time CO, has been 
passing continuously from the tissues into the venous blood, di&ising out 
into the alveoli and remaining there. Thus the alveolar and arterial CO, 
tension slowly rises, reaching a level of about 36 mm. Hg (Fig. 248). Though 
this tension is still below the threshold level, “ air hunger ” is experienced 
and breathing is resumed. This resumption of the breathing is due to a 
combination of factors: (a) the rise of CO, tension almost to threshold, 
(h) the stimulating action of the severe anoxia. It can be shown that if either 
factor is lacking breathing does not recommence. 

(a) An animal is vigorously overventilated for say 20 minutes. Alveolar 
0, tension rises to the same level as before (140 mm.) but alveolar, blood and 



TIME IN SECONDS 


Fig. 248. — Changes in the Breathing and in the Tension of Gases in Alveolar Air after 
Forced Respiration for Two Minutes. (Douglas and Haldane.) 


XTotJer cmre, pressure of oxygen in alveolar air ; mddle curve, pressure of CO, in alvMlar atp; 
Lower curve, respiration ; Strtdght interrupted liDe*«*nona^ GO, tension (40 nun* Hg). 


tissue CO, tensions are reduced to extremely low values. Apncea ^ts in ; 
after 2 or 3 minutes grave and progressive anoxia develops but birthing do« 
not resume because the degree of CO, lack is too great to permit of anoxia 
alone acting as an effective stimulus to breathing. The animal may die of the 
anoxia without drawing a breath. . j - 1 ? 

(6) If pure oxygen instead of air is taken in during the penotl of forced 
breathing, the apncea is greatly prolonged, and in one man persisted for 
eight minutes. This is due to the fact that the resumption of the breathing 
has to await the rise of the CO, tension to ite normal minimal value. Oxygen 
lack does not occur, and the oxygen tension is still high at the end of 
period of apncea. The breathing recommences gently without any dgn 
periodicity, breathing being maintained in a regular manner when CK), is 

the effective stimulus. ^ i v 

Under normal conditions variations in the CO, tension alone control breain* 
ing ; but during the period of apncea following voluntary overventilationi 



408 


EFFECTS OF OVERVENTILATION 


the Oj lack which develops enables breathing to be resumed before the COg 
tension has risen fully to the normal threshold level. When breathing begins 
again, fresh oxygen supplies are taken in, the alveolar oxygen rises, and the 
oxygen want is temporarily relieved ; at the same time, too, CO 2 is washed 
out from the alveoli and the arterial CO 2 tension falls. Thus both factors in 
the coalition of forces which brought about respiratory activity have been 
weakened. The breathing therefore ceases again. Similar events occur 
during the next period of apnoea : the alveolar oxygen is used up and increas- 
ing oxygen want develops ; CO 2 accumulates and the alveolar and arterial 
CO 2 rise. Breathing resumes again. This cycle is repeated several times 
(Fig. 248). It may be wondered why the process does not continue indefinitely. 
The reason is that the brief bouts of breathing do not succeed in washing out 
CO 2 from the alveoli as rapidly as it is being turned out from the tissues and 
blood. The alveolar (and arterial) CO 2 tension is a little higher at the end of each 
period of apncea than it was at the end of the preceding one, thus gradually 
rising to threshold level. Regular breathing is then finally established. 

The results described are by no means invariably obtained. In some 
normal subjects apnoea does not follow^ the overventilation, but there is 
some decrease in the pulmonary ventilation ; or the apnoea may pass smoothly 
into regular breathing of increasing amplitude. Sometimes the overventilation 
continues in spite of a marked fall of alveolar CO 2 tension and seems to be 
outside the subject’s voluntary control. 

The general effects of over-breathing are best studied when the pulmonary 
ventilation is increased to a more moderate extent {e,g. two- to threefold) and 
kept up for a longer time, e,g, 5 to as lopg as 30 minutes. Fig. 56 (p. 99) 
shows the resulting increased alkalinity of the blood, the lower CO 2 content 
of the plasma, and the usual compensatory changes to alkalsemia, namely, the 
excretion of a more alkaline urine with a lower NH 4 + content (cf. p. 94) ; 
urinary volume and urinary phosphate are also increased. For some unknown 
reason acetone bodies appear in the urine, and the blood lactate is increased ; 
these reactions may represent attempts to compensate for the alkalsemia by 
turning out fixed acids from the tissues into the blood. The pulse becomes 
rapid, sometimes irregular ; the blood pressure is little altered ; one would 
expect it to fall from the depressant effect of CO 2 lack on the vasomotor 
centre, but the shin is pale, cold, and moist ; this cutaneous vasoconstriction 
which is due to the direct peripheral action of CO 2 lack may compensate for 
the vasodilatation of central origin (cf. p. 310). Leucocytosis and hyper- 
glycsemia have been reported. 

The nervous symptoms are numerous and important. There is a feeling 
of faintness, dizziness, unsteadiness, light-headedness, or of panic ; the 
mind becomes more clouded and the surroundings seem unreal. There is 
numbness and tingling in the skin, especially in the hands, with impaired 
tactile sense. Typical symptoms of tetany develop"(p. 1005), with carpo-pedal 
spasm and stiffness of the face and lips. Skilled voluntary movements are 
performed slowly and clumsily. The subject may show hysterical symptoms : 
he talks stupidly, laughs excessively, makes foolish grimaces, or sits with a 
vacant expression, the mouth open and the tongue protruding ; consciousness 
may be lost. It is obvious that the higher functions of the brain are disturbed. 
Overventilation in^'man undoubtedly decreases the bloodjflow to the ;brain 
(p. 306) ; the resulting local anoxia may impair cerebral activity. There are 
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alterations in the electroencephalogram (p. 626) and the excitability of the 
motor cortex to electric stimulation is enhanced (p. 635). 

Innervation of Bronchi.— The smooth muscle fibres of the bronchi 
receive dilator fibres from the sympathetic, and constrictor fibres from the 
vagi. Eefiex stimulation of the latter fibres may be one of the causes of 
asthma. The afferent impulses producing this effect may arise from many 
parts of the body— from the nose (polypi), stomach, uterus, or from 
the bronchial tract itself. Histamine also induces intense bronchoconstric- 
tion (Fig. 205) ; it may possibly be liberated locally in various forms of 
bronchial infection (p. 338) and so set up spasm. In an asthmatic attack, 
inspiration, which is an active movement, can overcome the obstruction due 
to the diminished bronchial lumen, and succeeds in drawing air into the lungs. 
The passive return of the lungs to the position of rest which occurs normally 
in expiration is replaced by a laboured expiratory muscular effort. [For 
action of adrenaline, see p. 727.] 


CARRIAGE OF OXYGEN IN THE BLOOD ^ 

Certain essential data must be noted : 

AlveoIxAE Aik : The oxygen content is 13-14% ; the oxygen tension is 
about 100 mm. Hg (p. 364). 

Aktertal Blood — The average haemoglobin content of blood is 15 g. per 
100 c.c. As 1 g, of haemoglobin when fully saturated combines with 1*34 c.c. 
of oxygen, the full oxygen combining power of blood is about 20 c.c. per 
100 c.c. As arterial blood is only 95% saturated with oxygen, its oxygen 
content is about 19 c.c. [In this calculation the dissolved oxygen, about 
0*3 c.c.% has, for simplicity, been ignored.] It must be emphasised that 
the arterial oxygen content wiU vary in different individuals according to 
their haemoglobin content. The arterial oxygen tension is about the same 
as that in the alveolar air ; in this book the alveolar and arterial oxygen 
tension is taken to be about 100 mm. Hg at sea level (cf. p. 367).^ 

Mixed Venous Blood. — The oxygen content of the mixed venous 
blood depends on the degree of bodily activity. Under resti^ conditions 
it is about 14 c.c. Og per 100 c.c. blood, but in violent exercise it may be 
reduced to as little as 3 pi 4 c.c. The oxygen tension correspondingly varies 
between 40 mm. Hg at rest and 20 mm., 15 mm., or less, durmg severe exertion. 

The volume of Og which can be held in simple solution m the plasma 
at a tension of 100 mm. Hg is 0*3 c.c.%. As the actual volume of oxygen 
found in the arterial blood is about 19 c.c.%, it is clear that most of the 
gas is carried in loose combination with haemoglobin. 

Oxygen Dissociation Curves. — ^It is important to determine the 
amount of oxygen which hsenioglobin solutions or whole blood take up at 
different tensions of oxygen. To study this problem it is first necessary to 
expose a series of small samples of blood {e,g. 3 c.c.) in a glass vessel (of about 
400 c.c. capacity) called a tonometer to various gas mixtures containing a 
known percentage of Oj and therefore with a known Oj tension. The bottle 
is^Totated in a bath at a known temperature for half an hour. The blood 

' Barcroft, Bespiratory Function of the Blood, Cambridge, 1914, 2nd edn. pt. ii ; 
Bcemoglohin, 1928 ; Physiol, Bev,, 1924, 4, 329. 
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spreads out as a thin film over the sides of the bottle, comes into equilibrium 
with the gas and finally contains Og at the same tension as that 'present in 
the tonometer. 

It is next necessary to determine (i) the oxygen content — i,e. how much 
oxygen the sample contains under the specified conditions ; (ii) the oxygen 
capacity — i,e. the amount of oxygen the sample contains when it has beeu 
exposed to air (it is then fully saturated) ; (iii) the percentaae saturation — i*e. 

xi. . oxygen content 

the expression — ^ r- x 100. 

oxygen capacity 

Determination of Oxygen Content or Capacity.— The principle of 
the method is that potassium ferricyanide (K 3 Fe(CN)e) expels all the oxygen 
in oxyhsemoglobin (liberated from the cells by hsemolysis with saponin) with 
the formation of methaemoglobin. 

To determine the Og content^ the blood sample imder investigation is intro- 
duced into the Van Slyke blood-gas apparatus ; the red cells are laked hj 
means of saponin and the contained oxyhsemoglobin is liberated. K^Ve{CN)^ 
is added ; the volume of Og evolved is measured. 

To determine the oxygen capacity another sample of blood is first vigor- 
ously shaken m air to saturate it with oxygen and then the amount of oxygen 
present is determined as before.^ 

If, for example, the oxygen content is 14 c.c. and the capacity 20 c.c. 
the percentage saturation is 100 = 70. 

The percentage oxygen saturation is determined of blood samples exposed 
to oxygen tensions from 0 to 100 mm. Hg pressure. The results are plotted 
with oxygen pressure as abscissa and percentage saturation as ordinate ; in 
this way a dissociation (yarve is obtained which shows the relationship 
graphically. Curves are worked out for various conditions of temperature, 
H+ ion concentration, hsemoglobin concentration, etc. Attention must 
again be drawn to the fact that 100% saturation represents an oxygen 
capacity which depends on the amount of hcemogldbin present — e,g, with 14 g. 
Hb%, the capacity is 14x l-34=18-7 c.c.% ; with 15 g. Hb%, the capacity 
is 16 X 1-34=20 c.c.%, etc. A consideration of the dissociation curves reveals 
many points of interest (Fig. 249). 

At the oxygen tension of the arterial blood (about 100 mm. Hg) a simph 
solution of hcamoglobin in water becomes almost fully saturated with oxygen 
(about 95% saturated). At the oxygen tension in the mixed venous blood 
at rest, e.g. 40 mm. Hg, the haemoglobin is still combined with most of 
its oxygen. In other words, if our blood consisted of a simple haemoglobin 
solution, when it passed through the tissues very little oxygen would be 
evolved and death from anoxia would result. The curve for haemoglobin 
is a rectangular hyperbola ; that for hlood under the conditions found in the 
body is S-shaped. Blood, too, is about 95% saturated at 100 mm. Og tension, 
tal^g up about 19 c.c.% of oxygen. But at a tension of 40 mm. it only 
carries about 14 c.c.% Og, i.e, about 5 c.o.% have been made available for 
^use by the tissues. It should be carefully noted that at tensions below 40 nm, 
]the curve for blood descends steeply. This means that if the oxygen tension 

^ Peters and Van Slyke, Quantitative Clinical Qhemietry Methods, London, 1932, p, 257. 
For Haldane’s blood gas analysis method, see Douglas and Priestley, Human Physiology, 
Oxford, 3rd edn., 1948. 
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falls below 40 mm., t.g, to 20 or 15 mm. as in severe exercise, blood maj give oft 
70 or 80% of its contained oxygen (i.e. about 14 or 16 c,c.%) ; greatly 
increased quantities of oxygen are thus supplied to the tissues (see continuous 
lines, Kg. 249). 

The discrepancy between the behaviour of a simple haemoglobin solution 
and whole blood is explained by the fact that blood in the body is at a 
temperature of 37® C., contains CO^ at a tension of 40 mm. Hg (or more), 
and has a high concentration of haemoglobin in the corpuscles. These facts 
can be readily demonstrated. 
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249. ^Diagram to illustrate the BehaTiour of Solutions of Hemoglobin and of Blood 

under Different Conditions. 


Abaclfiga « Tension of Oxygen in mm. Hg. Ordinate : Percentage saturation of hJemoglobhi with oxyga. 
Dotted lines: Hamogl^in solutions— 1, Boom temperature and no CO, tension ; 2, Body temperature 
and no CO, tension ; 8, Body temperature and 20 mm. CO, tension. 

Continuous Unea : Blood. Thick line— In presence of constant prws^ of ^ ^.CO^W^l^- 

Dissociation curve in body when disappearance of oxygen is accompanied by increasu of CO, pree- 

vi.v nf n-rvhffimrtfflobin. 


sure which facilitate dissociation of oxyhiemoglobm. 
-Arterial point; V* Venous point (mixed venous blood at rest). 


(i) By raising the CO, tension to which a simple hamoglobin solution is 
exposed, tJie dissociation curve is “ shifted to the right, i.e. the oonventy 
of the curve is flattened, which means that more oxygen is evolved at low 
oxygen tensions. CO, acts by altering the H+ ion concentration of the 
solution. If the H+ ion concentration is raised by any other acid, e.g. lactic 


acid, similar effects are produced. , , 

(ii) Raisiug the temperature to that of the body, i.e. 37 0., has a similar 

though slight effect. . , ^ • _x. 

(m) The strength of the hasmoglobm solukon employed is of importance. 
A weak solution (e.g. 1 : 500) always gives a hyperbolic curve whether the 
reaction is acid, alkaline, or neutral The stro^est hamoglohm solutaon 
that can be obtained gives an S-shaped curve under all circumstances. It is 
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notewortliy that the concentration of hsemoglobin reaches its maximum in tte 
red blood corpuscles (about 30 g. of Hb per 100 c.c. of corpuscles),^ and that is 
presumably one of the chief factors producing the S-shaped dissociation curve ' 
of blood. 

If the CO 2 tension, temperature, and hjemoglobin concentration are 
adjusted to that of the body, the solution behaves hke blood. 

Venous blood always contains COj at a higher tension than arterial blood 
(46 mm. at rest and higher tensions during exertion). The dissociation curve 
for blood at venous 00^ pressure is consequently shifted somewhat to tb^ . ! 

compared writh that tbFBlood at arterial OOq nressT^ . * ^ I 

'■ iCate OE Oxygenation and Reduction of HiiMO^OBiN’. — So far we 
have only considered the reactions of hsemoglobin when unlimited time is 
provided ; but as the blood takes only 0*3-0‘7 second to traverse a capillary 
in the lung the time available for oxygenation (and likewise for reduction in 
the tissues) is brief. The velocity of the hsemoglobin reactions must therefore 
be considered. 

The apparatus of Hartridge and Roughton is employed. The essence 
of the method is that reduced blood is mixed with oxygenated Ringer’s 
solution, and then caused to flow in a steady stream through a glass observa- 
tion tube. The rate of the chemical reactions occurring in the tube can 
be measured with the reversion spectroscope which detects the slight altera- 
tion which takes place in the exact position of the absorption bands when 
reduced hsemoglobin is converted into oxyhsemoglobin. Combination with 
oxygen under these conditions is found to occur in less than one-hundredth of 
a second, i.e, more than fast enough. The reduction of oxyhsemoglobin also 
takes place “with extreme rapidity and, according to Barcroft, it is speeded up 
by a rise of COg tension or a rise of temperature. 

To summarize : the extent of dissociation depends principally on (i) os^vgeg i 
t^sion ; (ii) CO^ tension (and Jd.+ ion concentration) : (iii) temperatu]^ 

(iv) c oncentration of hsemoglobin . 

The rate of dissociation depends on : (i) COp tension ‘ (ii) temperature, 

Oxygen Carriage in tfte aoiiy, — (1) Each 100 c.c. of arterial blood 
passes to the tissues carrying abott 0*3 c.c. of oxygen in solution, and about 
19 c.c. in combination with hsemoglobin. The tension of oxygen is about 100 
mm. Hg ; it must be remembered that tension is a property solely of the gas 
in solution. The oxygen tension in resting tissues is probably just a httle lower 
than that found in the venous blood, e.g. about 35 mm. Hg. Owing to the 
great difference of oxygen pressure, oxygen rapidly passes out of the plasma 
through the capillary wall and tissue fluid to reach the tissue cells. The 
oxygen tension in the blood falls to about 40 mm. Hg ; complete equilibrium 
with the tissues is .not achieved. The oxyhsemoglobin in the corpuscles is now 
exposed to an Og tension of 40 mm. Hg. in the plasma around it, and therefore 
cannot retain all the oxygen it has hitherto held in combination. Dissocia- 
tion occurs, and about 30% of the oxygen present (e.g. b c.c.%) is hberated. 
This volume of gas cannot remain in solution in the plasma, which already 
holds as much Og as it can ; the oxygen liberated from the corpuscles must 
therefore diffuse out into the tissue fluid (Fig. 250). 

As a result, the venous blood leaves with an oxygen tension of 40 mm. 

Hg and an oxygen content of about 14 c.c.%. There is slightly less oxygen 
in solution, and considerably less oxygen in combination with hsemoglobin. 
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The arterio-venous oxygen difference or diSerence in oxygen content of 
arterial and venous blood is 19—14=5 c.c.%. 

In this instance the coefficient of utilization^ which is 

Oa taken np by tissues _ 6^ _ 

Oj content of arterial blood “ 19 

(2) When a tissue is active, e.g. the skeletal muscles during vigorous 
exercise, the venous blood becomes far more extensively reduced. Very 
active muscles may abstract almost all the oxygen brought to them in the 
arterial blood, i.e, the coefficient of utilization is extremely high. The mixed 
venous blood (that in the right auricle) may have an oxygen content of 7-8 
c.c.% in hard work, or 3-4 c.c.% in exteemely violent exercise, corresponding 
to coefficients of utilization of 65% and 80% respectively; as the mixed 
venous blood consists partly of blood firom skm and viscera, which is only 
slightly reduced, it is clear that the blood from the active muscles must be 
almost completely free from oxygen. The essential factor concerned is the 
fall of oxygen ^pressure in the hhod as it passes through the muscles ; this 


ARTERtOLS 

Oe tiriaion 
Ozineaib 19 cc 
^0? In solution 0*3ctS 


Ozttnslon3SB)iii 


VEHULE 

’./’V* tension 40 mm 

I ctils 15 cc ^ 
( in solution 0*15 ce 


%5tttHb. 95 Sok- Hk. 75 

COz tsnsJon 40 mm | ' f ' | tension 48mm 

Fig. 250. — ^Diagram showing Passage of Oxygen from Blood to Tissues in Besting Organ. 


causes almost complete dissociation of the oxyhsemoglobin. This more 
extensive reduction in active tissues is brought about as follows : 

(i) The number of patent capillaries becomes greatly increased {e.g. 10 
times), and ah the capillaries become widely dilated (Fig. 191). Owing to 
the greatly increased total cross-section of the vascular bed locally, the 
linear velocity of the blood through the tissue is slowed down and thus more 
time is available for dissociation and diffusion of oxygen. The total blood 
flow is of course greatly increased because of local arteriolar dilatation 
(p. 432) and more general circulatory reactions (p. 433). 

(ii) A large surface of blood is in contact at any one time with the tissues, 
and the gaseous interchange is further facilitated. 

(iii) As the tissue is consuming Og at a great rate, the oxygen tension 
within it probably falls to zero. A very steep oxygen pressure gradient 
exists between plasma and tissues, permitting rapid diffusion. 

The oxygen tension in the blood falls, e.g. to ^ mm. Hg ; the oxyhsemo- 
globin dissociates and gives off about 60% of the oxygen combined with 
it. In an active tissue the temperatme rises, larger amounts of COj are 
evolved, and the H+ ion concentration tends to go up. The rise of tempera- 
ture and COg tension increase the rate of dissociation of HbOj. The increased 
CO 2 tension means that HbO* gives off more oxygen aJt any given oxygen tension. 
When exposed to a 30 inm. Hg Oj tension, blood at 40 mm. COj tension gives 
off half its combined oxygen; blood in which the decrease of Oj is 
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accompanied by a corresponding increase of CO^ pressure gives off 58% of 
its oxygen (Fig. 249). If the oxygen pressure falls to 10 mm., blood at a 
COg pressure of 40 mm, becomes 10% saturated ; but if the usual coincident 
rise of COg pressure takes place the venous blood is actually only 7% saturated. 

In the ways described activity of a tissue, by altering the calibre and 
number of the capillaries and changing the local Og and COg tension and the 
temperature, may enable three times the volume of oxygen to be abstracted 
from the saTne volume of blood flow compared with the resting utilization. If 
the blood flow is also increased the total oxygen abstracted in unit time is 
correspondingly raised, 

(3) When the mixed venous blood (Og tension 40 mm.) passes through 
the lungs it is exposed to an oxygen tension in the alveoli of 100 mm. Hg. 
Owing to the ^eat difference of oxygen pressure, the gas rapidly diffuses 
from the alveoli through the thin pulmonary and capillary epithelium into the 
plasma (cf, p. 366). The amount of oxygen in solution is increased, and the 
tension in the plasma rises to about 100 mm. Hg. The hsemoglobin exposed to 
this high oxygen pressure takes up oxygen from the surrounding plasma and 
unites with it chemically. As oxygen is thus removed by the corpuscles from 
the plasma, fresh amounts of oxygen can pass from the lungs into the blood. 
A constant stream of oxygen thus passes from the lungs into the plasma and 
thence into combination with hsemoglobin. The arterial blood finally leaves 
the lungs almost fully saturated with oxygen (95% saturated), at an oxygen 
tension of 100 mm, Hg. The oxygen content is then about 19 c.o. (the exact 
figure depends on the hsemoglobin content) ; only 0*3 c.c. is in solution. 

The peculiarities of festal hsemoglobin and the mechanism of Og tramjport 
in the placenta between mother and foetus are discussed on pp. 1097 et seq. 


CARRIAGE OF CO, IN THE BLOOD ^ 

The following data about carbon dioxide in the blood must be remem- 
bered. They indicate the normal average findings in naan. Variations 
above and below these figures are to be expected in healthy subjects : 

Tension of CO, : (i) in alveolar air, 40 mm. Hg (p, 364) ; (ii) in arterial 
blood, 40 mm. Hg (p. 367) ; (in) in venous blood, 46 mm. Hg at rest (p. 279), 
and lugher during exertion (up to 60 or 70 mm. Hg). 

Volumes op CO, per 100 c.o. op Blood : In arterial blood the normal range 
is 45-56 c.c. ; in the example given below it was just over 48 c.c, ; in mixed 
venous blood at rest it is 4 c.c. higher, e,g. 62 c.c. ; in mixed venous blood during 
se/vere egsercise a further marked increase occurs, e,g, up to 65 c.c. 

The total CO, content of the plasma is nearly three times higher than that 
of the corpuscles. 

CO, is present in the blood in three forms : 

(i) In simple solution to 3- 

(ii) As bicarbonate, mainly NaHOO, in the plasma and EIHCO, in the 
corpuscles. 

(iii) Combined with hemoglobin to form carbamino-heemoglobin in the 

^ See Peters and Van Slyke, QuaiUitaHvt Clinical Chemistry, Interpretations, London, 
1932, Haldane and Priestley, Respiration, new edn., Oxford, 1935. Ronghton, Physiol, 
Rev., 1935, 16, 241. 
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corpuscles (and combined to a less extent with ^lasmu protein to form a similar 
oarbamino-protein). 

(ii) and (iii) form the combined COg of the blood* 

Full representative data for arterial and mixed venous blood at rest are 
given in the Table below,^ which should be carefully studied. 



AsTEEiix Blood 

Plasma Corpuscles 

! 

!VIixed Venous Blood | 

T>, n 1 ! 

Plasma Corpuscles 3Jood 1 

Volume in c.c. 

60 40 100 

59-6 

40*4 

100 

% Saturation of Hb 
with Os . 

95 

, , 

75 

. . 

pH . 

7-45 7-12 

7*43 

7*11 

•• 

00} pressure in mm. 
Hg . . . 

40 40 40 

45*4 

45*4 

j 

45*4 1 

00} in solution in c.c. 

1-6 0-8 2-4 

1*8 

0*9 

! 

2*7 i 


Gain in dissolved 00} ^ 

+0-2 

4-01 

-fO-3 j 

Total combined 00} i 




49*4 I 

in c.c. 

34*1 11*8 45*9 

36-3 

13*1 


Total Gain in Combined C0}-> 

4-2*2 

4-1*3 

*f3*5 j 

i 

00} as Bicarbonate. 

33*1 9*8 42*9 I 

35*2 

10*5 

45-7 1 


Gain in COj as Bicarbonate — y 

4*2*1 

4-0*7 

4-2*8 ) 

00} as Carbamino- 
compound. 

1-0 20 3*0 

M 

2*6 

3*7 

Gain iu 00} as Carbamino- 
compound 

+0*1 

4-0*6 

4-0*7 

1 

Total 00} in all forms 

35*7 12*6 48-3 

38*1 

14*0 

52*1 j 

Total Gain in 00* in all form&->- 

+2*4 

4-1*4 

4*3*8 j 

i 


Formation of Carbonic Acid. Carbonic Anhydrase.—The solution of 
OOt in water to form HjCOj, Le. COj+HjO-^H^CO,, tak^ place very dowly 
in pure water ; the same is true of flie reverse reaction, ».e. the evolution of 
CO 2 as a gas from its solution. An enzyme is present in the red blood 
corpuscles called carbonic anhydrase which enormously accelerates both the 
solution and the evolution of CO 2 - The enzyme is destroyed by heat and 
inhibited by poisons like cyanide. The enzyme is not present in the plasma. 

Carbon Dioxide Dissociation Curves. — ^Important information about 
the behaviour of the COg of the blood under different conditions of CO,* 
pressure {e.g. those found in the alveolar air or in the tissues) can be obtained 
by determining the CO* content of blood at different COg pressures ; the 
results, when plotted, constitute CO* dissociation curves; the abscissa 
represents CO^ pressure in mm. Hg, the ordinate the volume of COj in c.c. 
per 100 C.C. of blooi Curves are obtained for both reduced and oxygenated 
blood. The blood is exposed to an appropriate series of CO* pressures in a 
^ Stadie and O’Bzien, J. hid. Chem., 1037, 227, 439 
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glass vessel (tonometer) until pressure equilibrium is reached ; for reduced 
blood the diluent gas in the tonometer is hydrogen, for oxygenated blood a 
mixture of hydrogen and oxygen is used (the latter at a pressure of 100 uuu. 
Hg 'which represents normal alveolar O 2 pressure). The blood sample is 
treated with acid (N/10 lactic acid) in a Van Slyke blood-gas analysis apparatus 

and exposed to a vacuum. The 
CO 2 of the blood, ivi what&o^ 
forms it is f resent (in combina- 
tion or in solution) is evolved 
and the volume measured Fig. 
251 shows typical dissociation 
curves. As the COg tension is 
increased the total OOg content 
rises (i.e, more COg is taken up); 
as the CO 2 tension falls the COg 
content falls {i,e. less COg is 
taken up). In a vacuum the 
CO 2 content of blood is nil, t.e. 
all the contained COg is given off 
completely. It will be noticed 
further that at any given CO^ 
pressure, reduced blood takes up 
a larger volume of OUolEan 
oxygenated bloody th^efore 
under the “conditions that exist 
in the body, reduction of the 
blood (eoen mthout rise of COg 
tension) increases the CO 2 up- 
take by the blood; conversely, 
oxygenation of the blood leads 
to the evolution of COg The 
straight line (dissolved COg) in 
Eig. 251 shows the volume of 
CO 2 in simple solution at differ- 
ent CO 2 pressures. The differ- 
ence between these values and the total GO 2 content represents the COg 
present in blood in combination. We must next consider in detail the 
combined forms of COg in blood. 

Carriage of COg as Carbamino-Compounds. — There is satisfactory 
chemical e'vidence that CO 2 combines with the amino, i.e. the NH 2 , groupings 
of hsemoglobm to form a comgoimd called carbamino-hcemoglobin (in America 
it is known as carbkc&mdglobin).^ 

Hb.NH2 + COa^Hb. NH,OOOH. 

CO 2 combines in a similar manner though on a smaller scale quantitatively 
with the plasma proteins. The combination takes place directly between the 
free gas and the haemoglobin (or plasma protein) ; it does not require previous 

^ This substance should not be confused with carhoxyhoBmoglobin (better called carbcm 
m<moxy-h(smoglobin or ca^bonyUhasmoglobiTh), which is formed when carbon monoxide 
combines with hsemoglobin (p. 449). 



Fig. 251. — COj Dissociation Curves of Blood. 


Continuous curves : Lower curve = Dissociation curve of 
fully oxygenated blood ; Upper curve = Dissociation 
curve of blood the bsemo^obin of which is fully 
reduced. 

A « Arterial point (40 mm. Hg CO 2 pressure). 

State of blood which has been fully reduced in body 
and in which each Id c.c. of O 2 used has given rise 
to an additional 19 o.c. of OO 2 (H.Q.=il). 

AV = Dissociation curve of blood in body, when the increase 
of CO 2 content is accompanied by corresponding 
reduction of hsemoglobin. 

VI *= State of mixed venous blood at rest in the body (CO 2 
pressure 45 mm. Hg). 

Straight line,: Dissolved 002 = 002 in solution. 

interrupted line : Jbicarb.=» Dissociation curve of bicarbon- 
ate solution. (Modified from Ohristianse'n Douglas 
and Haldane.) 
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^ assistance of the enzyme carbonic anhydrase. Eig. 

252 shows the relationship between COg pressure and COg uptake by haemo- 
globm to form the carbamino-compound. At COg pressures above 10 mm. Hg, 
liaemogmbin (either reduced or oxygenated) is almost completely saturated 
\!^th UOg so that a rise of COg pressure leads to little further COg uptake in 
th%s form ; the same holds good for the carbamino-protein. There is a striking 
dmerence, however, between the curves for reduced and oxygenated hsemo- 
globin ; at any given COg pressure reduced haemoglobin takes up about 5 c.c. 
of COg (per 100 c.c. of blood) 
more than does oxygenated 
haemoglobin. The rise of 
COg pressure in the tissues 
would thus not lead to any 
signihcant increase in COg 
uptake in the carbamino- 
form; but the simultaneous 
reduction of oxyhaemo- 
globin which takes place 
considerably increases its 
affinity for COg and the 
amount of COg with which 
it combines (curve AV, 

Pig. 252). 

The Table (p. 415) sets 
out these facts well ; 100 
c.c. of arterial blood con- 
tain in the carbamino-form 
1*0 c.c. of COg in the plasma 
(as carbamino-protem) and 
2*0 c.c. in the corpuscles 
(as carbamino-haemoglobin) 
at a COg pressure of 40 mm. 

Hg. In the mixed venous 
blood at rest the amount in 
the plasma as carbamino- 
protein only rises to 1*1 c.c.; 
that in the corpuscles as 
carbammo-hsemoglobin rises to 2*6 c.c. owing to the simultaneous partial 
reduction of the haemoglobin from 95% saturation to 75% saturation with Og. 
When blood is fully reduced the amount of COg as carbamino-haemoglobin 
may rise to 7*0 c.c. (per lOU c.c. of blood). 

Carriage of COg as Bicarbonate. — The rest of the combined COg of 
the blood is present, mainly in the plasma, and to a much less extent in the 
corpuscles, as bicarbonate. When the properties of bicarbonate in simple 
solution in water are examined they prove at hrst sight disappointing (Fig. 251, 
Bicarb.) ; bicarbonate is found to be a comparatively stable substance which 
(unli k e blood) is entirely unaffected by variation of COg pressure within the 
physiological range or even by low pressures of COg down to a few mm. Hg. 
The only change produced is the expected rise or fail of the volume of COg 
dissolved in the water. In vacfooy however, bicarbonate does dissociate, though 
14 
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PRESSURE OF C02(mm.Hg) 

Fig, 252. — Carriage of CO 2 as Carbamino-componzids 
(mainly Carbamino-hsemoglobm). 

Lower curve : oxygenated blood. Upper curve ; reduced 
blood. 

A : arterial point (oxygenated hsemoglobin, 40 mm.- C02 
pressure). 

V : completdy reduced venous blood under conditions in the 
body (fully reduced haemoglobin, 70 mm. GO 2 pressure). , 

AV : C (>2 uptake as carbamino-compounds during passage 
of blood through tissue where rise of CO 2 pressure _is 
associated with complete reduction of the hsemoglobin. 

(Drawn by Prof. David Slome.) 
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very slowly, giving off half its CO 2 content, the other half remaining combined 
with base as carbonate from which it can only be expelled by means of acid: 

2NaHC02:itC02 + Na^COa + HgO. 

In spite of these results, bicarbonate can be shown to play a very important 
part in CO 2 transport. It must be remembered that blood contains ms^ny 
substances which can modify the behaviour of the bicarbonate. It can be 
readily shown that the addition of haemoglobin or plasma protein to a bicar- 
bonate solution entirely alters its reactions to changes of CO^ pressure ; it 
now gives off or takes up COg readily as the COg pressure falls or rises ; in 
vacuo it gives off its COg rapidly and completely in the presence of haemoglobin, 
and almost completely in the presence of plasma protein. 

Mope of Action of Blood Proteins. — The mode of action of hsemo- 
globin and the plasma proteins can be explained very crudely as follows. 
Blood is an alkaline fluid containing basic and acid radicals. The base is 
first bound with the strong acid radicals, 6.^?. Cl, to form salts like NaOl. 
The base which is “ left over ” is shared between the two weak acids, namely, 
HgCOj and the proteins (which act as weak acids in an alkaline medium), 
to form bicarbonate and proteinate respectively. Enough base is not avail- 
able fully to neutralize these acids, and so we have left H^GOg, bicarbonate, 
‘‘ proteic acid (protein acting as acid=HPr), and proteinate (protein 
combined with base=BPr.), There is constant competition between these 
two acids for base ; the amount that each can obtain depends on the relative 
concentrations of proteic acid and HgCO^ in the blood. When the HgCOj 
of the blood is increased, base is removed from the protein (using the term 
to include haemoglobin and plasma protein) and more bicarbonate is formed, 
and vice versa, 

H2GO3 + BPr BHGO3 + HPr. 

(Protein (Bicar- (Protein 
-i-base.) bonate.) —base.) 

The equilibrium is thus a very unstable one, and is disturbed by variations 
in the mass of the interacting substances. 

The protein chiefly under consideration is hsemoglobin, which is found in 
blood in both the reduced and the oxygenated form. The isoelectric point of 
reduced haemoglobin is 6-8 ; that of oxyhaemoglobin is 6*65, At the iso- 
electric point a protein unites with neither acid nor base (p, 134). On 
the alkaline side of the isoelectric point proteins behave as weak acids; 
the farther away they are from their isoelectric point the stronger is their acid 
character. Their strength as acids can be measured by determining the 
amount of alkali they unite with. The results of such observations are 
shown in Fig, 253. It is seen that at any ion concentration oxyhemo- 
globin unites with more base than does reduced heeinoglobin. At pH 7j26 
(the normal reaction of blood) this difference can be expressed by representing 
oxyhemoglobin as KjHbOa and reduced hemoglobin as Ki, 3 Ho. 7 Hb. (The 
base bound with hemoglobin is potassium.) The oxidation of hemoglobin 
causes it to unite with more base which is taken from the bicarbonate ; 00^ 
is consequently liberated and turned out j&com the blood,^ Conversely, re- 
duction of hemoglobin causes it to give up base which is made available 
to unite with GO| to form bicarbonate. It faUowa that at any given CO 9 
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pressure, reduced blood will take up more CO 2 than does oxygenated blood. 
This amplifies from another standpoint the information already elicited from 
a study of the dissociation curves. 

In vacuo, all the dissolved COg is evolved and the concentration of H 2 CO 3 
falls to zero ; consequently the proteins of the blood (mainly the hsemoglobin) 
remove all the base from the bicarbonate, and all the COg so combined is 
given off. 

According to Van Slyke the changes undergone by hsemoglobin in the 
tissues can be represented thus : 

(1) KgHbOg - O 2 + 0-7H2COg$Ki.3Ho.7Hb + O-TKHCOj. 


[In the lungs the reaction is : 

(2) K1.3H0.7Hb -f Oa + O-TEHCOa^KaHbOa + O-THaO + O'TCOa.] 

It is seen that 0*7 molecule of COg can be taken up from the tissues and 
transformed into KHCO 3 for every 1 molecule Oj used (equation ( 1 )) mth- 
out any other assistance than the 

simultaneous reduction of hcemo- 4-0 1 ——p 

glohin and its consequent weaker ^ 

hold on hose. This bicarbonate is 1 XX 1 

then broken up by the oxygenation ^ y / 

of the haemogloW in the lungs / 

(Equation (2)). If the R.Q. (COg . vx / 

evolved/Oa used) is 0-7 the above ^ / ^ 

mechanism is adequate for COg 2-0- /A 

carriage. But if the R.Q. is 1 5 . 5 ) 
there is an additional 0-3 molecule k § - / \/^ 

COg liberated (t.e. 1 molecule COg / A ^ 

for 1 molecule Og). The extra COg 

could, theoretically, be converted ^\ ^ / / \ 

into bicarbonate by taking base ^ / / ; 

from the hsemoglobin and plasma \/ / > _.\\ \ \ > t -x— 

proteins as follows : 6*6 7*0 ^ 7*4 7*8 8*2 

i. H.C0,+K.Hb:^KHC08+HHb. 

ii. H-CO.+NaPctNaHCOo+HPr. Fig- 253.— Base-binding Power of Oiy- and 

^ ® ^ Reduced-Hemoglobin. 

In view of the enhanced canity Xhe ordinate[represents atoms or "base (X) which unite 

of reduced Tic^loUn for CO, fo h«mogiobin. Absds-, 

form (yirhamiTiO-hcemoolohin. it is At the isoelectric point no union with base occurs. The 
'' Ti 1 , T . . T. • * £ * aj isoelectric point for Hb is 6-S, for HbOa it is 6-6. 

unlikely that this series OI reactnons blood pH{ (7*25) each molecule of HbOj unite with 

■Irt iTnnT) 't'.A nnw siomfifynTh 2 atoms of X^^and each molecule of Xb with 1*3 

IS cauea upon UO any Slgnmcanu Keduction of oxyhamoglobin Kberates 

degree. 0-7 atom of X per molecule. This is aToilable for 

. ■■T-.T-.r. rrrrr-« uiuon wltfa CO 2 to fonu bicarbonste. If more base 

INTBECHANOES between the jg taken from reduced hemo^obin. the pH 

Pt.asma atvd Oo'Rpnsoi.ES ——As ex- moves to the left, i.e. the reaction becomes 

rXiASMA ANU AS ei QuaMUiOive Clinieal 

plamed on p. 7 the red cell mem- chemistry, inUrpraaLUms, 1932 .) 


1G ii'nnT) ‘t'dA ATiv Ri0T^ifir^'n'fc 2 jitonis of cftclx nioi^ctilo of Hb with, 1"3 

IS cauea upon UO any Slgnincanu Keduction of oxyhamoglobin Kberates 

degree. 0-7 atom of X per molecule. This is available for 

. ■■T-.T-.r. rrrrr-« uiuon wltfa CO2 to foim bicarbonste. If more base 

INTEECHANOES between the jg taken from reduced hemo^obin, the pH 

Pt.asma atvd Ookpttsoi.ES —As ex- moves to the left, i.e. the reaction becomes xm^re 

rXiASMA ANU AS CA QmMUiOive Clinieal 

plamed on p. 7 the red cell mem- chemistry, JnterpreUUUms, 1932.) 

brane is permeable to the negatively 

charged anions (e,g. Cl', HCO 3 ') and to H"^ ions ; it behaves, however, as 
though it were impermeable to the other positively charged cations {e,g. 
Na+, K+). When COg enters the blood from the tissues there is only a small 
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increase in the HgCOg content of the plasma (owing to absence of carbonic 
anhydrase), but there is a large increase of HgCOg in the corpuscles (owing 
to the presence of anhydrase). H 2 CO 3 then reacts with hsemoglobin to form 
much additional bicarbonate ; very little bicarbonate is formed primarily in 
the plasma. As the HCO3' concentration of the cells is raised it migrates out 
into the plasma ; an equivalent amount of Cr moves from the plasma into 
the cell. These reactions can be shown thus : 

Plasma. 1 Red Cells: 



HjO+COa-^HjCO* 

HjCOa+K-Hb^KB 

[COs+H.Hb 


K+ 





These migrations can be proved experimentally. If the CO 2 tension 
of whole blood is raised the chloride of the plasma decreases, the chloride 
of the corpuscle increases and the plasma bicarbonate increases. This is 
known as the chloride shift or Hamburger phenomenon ; it might be better 
called the bicarbonate shift, so drawing attention to the physiologically 
significant aspect of the exchange. Without this ionic exchange almost 
the entire uptake of COg as bicarbonate would occur in the red cells ; because 
of this exchange most of the COg primarily converted into bicarbonate in the 
cells is transferred secondarily to the plasma to form NaHCOs- 

The Table on p. 415 shows these facts quantitatively. In the example 
given, 100 c.c. of arterial blood contained 33T and 9*8 c.c. of COg as bicarbonate 
in plasma and corpuscles respectively ; in the mixed venous blood the 
corresponding values were 35*2 and 10*5 c.c. The plasma has thus 
gained (chiefly through the ionic shift just described) 2-1 c.c., and the 
corpuscles only 0*7 c.c. as bicarbonate. The total uptake as bicarbonate 
was 2-8 c.c. 

When COg is taken up more HgCOg is formed, and the H+ ion concentration 
tends to rise ; but this is largely compensated by the simultaneous formation 
of bicarbonate which gives rise to an excess of OH' ions ; the reverse changed 
take place in the lungs. The various reactions described above buffer the 
blood so effectively that the difference in pH between arterial and venous 
blood at rest is 0-01-0-02. As explained above, bicarbonate is readily 
formed in the corpuscles and thus their reaction is well protected {primary 
buffering). The comparatively small direct formation of bicarbonate in the 
plasma means that primarily it is poorly buffered. The outflow of HCO 3 ' 
from the corpuscles into the plasma increases the bicarbonate content of 
the plasma and so preserves its normal reaction {secondary buffering). 

The bicarbonate of the plasma has three functions : (i) it acts as a means 
of OO2 transport ; (ii) it is the alkali of Hie plasma (the reaction of plasma 
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depends on the ratio of H2CO3 to BHCO3) ; {iii) it is the alkali reserve which 
neutralizes any strong acids which enter the blood (p. 92). 

CO2 Dissociation Curve in the Body. — The dissociation curves in Fig. 
251 for reduced and oxygenated blood represent somewhat artificial conditions. 
In the body the uptake of COg by blood as it passes through the tissues 
is accompanied by a simultaneous and corresponding evolution of Og ; 
similarly the evolution of CO2 in the lungs is accompanied by oxygenation of 
the blood. When 100 c.c. of blood are fully reduced in the tissues 19 c.c. of Oj 
are evolved. The amount of COg 
formed varies with the local re- 
spiratory quotient. Taking the ^ 

two extreme values for the R.Q. § 64 - " 

of 0*7 and 1*0, the COg formed is y' 

13*3 c.c. and 19*0 c.c. respec- g ^y^y' 

tively ; for intermediate values ^ 

of the R.Q. intermediate volumes § “ z'z'' ^y^ 

of COg are formed. Thus with an S 56 - \/ yy 

R.Q. of 0*85 an additional 16*0 ^ ^ 

c.c. of COg are evolved. The 8 ^ 

CO2 content of folly reduced Sj 
blood in ike body (when the § 

arteml COj content was^c c.%) 1 lo 

would vary between 48 + 13*3= ^ cOi pressure mm-Hg. 

61‘3c.c. at R.Q. 0*7, and 48 + 19 . . nr. 

-A7 of PH l.n* of P n Fig. 254.-— CO, Dissociation Curves m the 
rv nJ Body at Varying Values for the Respira- 

0*85 it would be 48 + 16=64 c.c. toiy Quotient. (Modified from Douglas 
Inspection of Fig. 254 shows and Priestley.) 

that fully reduced blood with a ThisIFigure is an 'enlarged and amplified reproduction 


COg content of 67 c.c. has a COg 
tension of 70 mm. Hg. This 
point is marked off on the upper 
(reduced blood) curve and labelled 
V. The point A on the (lower) 
oxygenated blood curve repre- 
sents the condition in the arterial 
blood. The line drawn from A 
to V represents the COg dis- 
sociation curve of blood in the 


40 45 50 55 60 65 70 

A C02 PRESSURE mm.Hg. 

Pig. 254. — CO, Dissociation Curves in the 
Body at Varying Values for the Respira- 
tory Quotient. (Modified from Douglas 
and Priestley.) 

ThisP'igure is an 'enlarged and amplified reproduction 
of the central portion of Fig. 251 (g.r.). 

Upper curve : dissociation curve of blood the hsemo- 
^ohin of vrhich is fully reduced. 

Lower curve : dissociation curve of fully oxygenated 
blood (19 c.c. of O 2 per 100 c.c. blood). 

The arterial point A, is at a CO 2 pressure of 40 mm. 
Hg on the lower curve. 

T3 : stete of venous blood which has been folly reduced 
itt the body at K.Q.=1. (CO 2 content is 4S-fl9= 
67 c.c. ; C 62 pressure, 70 mm. Hg.) 

V2: the same, at R.Q. 0-S5 (CO 2 content is 48-fl6 = 
64 C.C. ; CO 2 pressure, 63 nun. Hg.). 

VI: the same, at R.Q. 0-7 (CO 2 content, 43 -{-13*3 = 
61*3 C.C. ; CO 2 pressure, 55 mm. Hg.) 

(The line AV3 corresponds to the line AV in Fig. 251.) 


body (when the R.Q. is 1), and the rising COg pressure and COg uptake are 
associated with a falling Og pressure and progressive reduction of the 
haemoglobin. The point represents mixed venous blood at rest (COg 
pressure at 45 mm. Hg+an Og saturation of haemoglobin of 75%). 

Fig. 254 shows the dissociation curves in the body when the R.Q. is 0*7 
(curve AY^), when the R.Q. is 0*85 (curve AY^) and when the R.Q. is 1*0 
(curve AY^). The lower the R.Q., the smaller is the additional COg 
uptake and the lower is the COg tension in completely reduced venous 
blood. 


Fig. 255 (which should be studied in conjimction with the discussion of 
COg transport (p. 422) shows the various forms in which the eadta COg is taken 
up by the blood when it passes from the arterial point to the completely 
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reduced venous point at an R.Q. of 0-85 (corresponding to the curve 
AV* in Fig, 254), t.e. when the rise of COg tension is associated with an equiva- 
lent reduction (deoxygenation) of the haemoglobin. 

COg Transport in the Body.~(l) Intebohanges in the Tissues.- 

(i) Arterial blood reaches the tissues with a CO 2 tension of 40 mm. Hg 
and a CO 3 content of 48 c.c.%. The CO^ tension in resting tissues is higher 
(about 46 mm. Hg) ; COg in solution diffuses rapidly into the blood and the 
COg tension in the venous blood rises (at rest) to 46 mm. Hg ; the 00 
content rises to 52 c.c.%. 

(ii) The reaction COg + HaO-^HgCOj takes place slowly in the plasma 
but very rapidly in the corpuscles owing to the presence there of carbonic 



PRESSURE OF CO2 IN mm.Hg 


Fig, 265. — ^Uptake of COg in Various Forms when the rise of CO^ Tension is 
associated with a corresponding Be-oxygenation of the Hjemoglobin 
(R.Q.««0-85). 

Arterial Point : 40 mm. Hg OO 2 pressure ; OO 2 content, 48 c.c.%. 

Mixed Venous Blood at rest : 45 mm. Hg OO 2 pressure ; CO 2 cont^t, 51*8 0 . 0 .%. 

PuUy Beduced Venous Blood (B.Q.b^0*s 5) : 63 mm. Hg pressure ; G02 content, 

64 o.c.%. (Drawn by Prof. David Slome.) 

anhydrase. The amount of HgCOa ^ solution (mainly in the corpuscleB) is 
increased, and the equilibrium will be disturbed in its favour (Fig. 256). 

(iii) Base passes mainly from the haemoglobin and slightly from the plasma 
protein ; fresh bicarbonate is formed. Simultaneously, however, oxyhsemo- 
globin has yielded up some oxygen and has become partially reduced. It 
has thus become a weaker acid with a feebler hold on base ; the ]^C 08 is 
stronger. Base is therefore taken, mainly from haemoglobin, to form bicarbon- 
ate (Fig. 263). Most of the bicarbonate primarily formed in the corpuscles is 
secondarily transferred^to the plasma (Hamburger shift). 

(iv) At the same time COg combines directly with the partially reduced 
haemoglobin to form oarbainmo-haemoglobm (and also with plasma protein) 
(Figs. 252, 255). 

(v) As COg ia removed from solution in these various ways, room is made 
for more COg to pass into the blood from the tissues, venous blood at 
teat takes up about 4 c.o.% of OOg. The Table on p, 415 shows in detail 
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Tissue 


^ i^jj V^OzTENSIWv 

p cett 46jnm . 




COj + HzO ^ HjCOs 

(no carbonic w- FrTL 
Qnh)fdrase) 

HeCOs + NaPr. — ► NaHCOs + HPr. 


the differences between arterial and resting venous blood. The reactions 
involved are summarized in Fig. 256 and the Table below. 

(vi) During exertion and in tissue 
activity generally, the local COg 
tension is higher [e.g, 60-65 mm. Hg) 
and the venous CO 2 tension is corre- 
spondingly raised. Simultaneously 
the oxyhsemoglobin is more exten- 
sively reduced. Larger amounts of 
base are transferred, mainly from 
haemoglobin, and a great increase in 
the bicarbonate formed occurs ; at 
the same time more carbamino-hsemo- 
globin is formed. The venous blood 
may contain about 64 o.c.% COg 
(chiedy in combination) under these 
conditions (cf. Table below and Pig. 

256 for full details). The dilatation 
and increase in number of the capil- 
laries and the other circulatory changes 
both local and general, help the takmg 
up of CO2 in the same way as they 
aid the giving off of oxygen (cf. 
p. 413) 


- COa+KHfa — ► KHbCOe 
( (^bomino 

^ COz+HeO'— ► HzCOs 

(Carbonic j 

onhydrose) J 

H^COs+KHb — ►HHO+kIhCOs 


Fig. 256. — ^Diagrammatic Bcpresentation 
of COj Uptake by Blood from Rest- 
ing Tissnes. 


(2) Intbbohangbs m the Lungs.— (i) In the lungs, the venous blood (CO^ 
tension at rest =46 mm.) is exposed to an alveolar COg pressure of 40 mm. 
Hg. Owing to the difference of pressure on the two sides of the membrane, 
CO2 passes out of the blood into the lungs. The preliminary reaction 
H2C03-»-H20 + C02 is catalysed by carbonic anhydrase in the corpuscles. 



Arterial 

Blood. 

Resting Venous 
Blood. 

Fully reduced 

Venous Blood. 
[R.Q.=0-85] 

COj pressure 

40 mm. 

46*4 mm. 

63 mm. 

0, content % 

19 0 c.c. 

15*0 c.c. 

0 c.c. 

% Saturation of Hb 

95 

75 

0 

CO 2 in solution % . 

2-4 c.c. 

2*7 C.C. [+0«3] 

3-9C.C. [-hl-5] i 

Total CO, % (ail forms) . 

CO, as carbamino-com- 

48*3 c.c. 

1 

1 52-1 e.c. [+3-8] 

64*4r -f 1-5 in solution 1 i 

c.c. |_-r 14*6 in combination J 

i 

pounda% . 

3-0 O.C. 

3-7C.C. [+0-7] 

8-0 c.c. [+ 5-0] 1 

CO, as Bicarbonate % 

42-9 C.C. 

45-7 C.C. [+2-83 

52-5 C.C. [+9-6] j 


As previously pointed out (p. 367), CO2 diffuses very rapidly through the pul- 
monary epithelium, so that a pressure difference of 6 mm. Hg is quite sufiS.cient 
to enable the appropriate amounts of COj to be evolved. The CO* pressure 
in the alveoli does not rise in spite of the addition of CO*, which is benag turned 
out from the blood, because the breathing is regulat^ at a level which is 
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sufficient to wash oTit aa much COg as is coming out from the blood. 

COo tension in the blond, when arterialized. falls to 40 mm. Hs, i.e. pressure 
equilibrium with the alveolar air is attained. The amount of HgCO^ in solu- 
tion in the blood is therefore diminished and its ‘‘ mass action ” is reduced 

I'iil The blood has meanwhile become oxygenated ; oxyhsemoglohiu is 
formed, which is a stronger acid with a greater avidity for base than reduced 
haemoglobin. The equilibrium is thus disturbed in favour of the proteim 
of the blood. They take base from the bicarbonate and form more hsemo- 
glohinate (and, slightly, proteinate). The COg which has been deprived of 
its base cannot remain in the blood, which already holds as much COj as it 
can in solution, and consequently it must pass out into the lungs. 

(iiil At the same time carbamino-hsemoglobin releases its COg owing to 
the simultaneous oxygenation of the haemoglobin. 

(ivl As the bicarbonate of the corpuscles is disintegrated and OOj ia 
evolved, the Hamburger shift is reversed. Bicarbonate migrates fpom the 
plasma to the corpuscles ; H0CO3 is formed which gives off its COg owing to 
the action of carbonic anhydrase ; chloride returns from the corpuscles to 
the plasma. 

(v) Very little direct evolution of COg from bicarbonate takes place in the 
plasma for two reasons : 

(a) owing to the absence of a potent competing protein ; 

(b) any HgCO^ formed is further handicapped in giving oiT its COg because 
of lack of carbonic anhydrase. The liberation of the combined COg of the 
plasma thus takes place in the following stages : 

(а) migration of HCO3' ^^om the plasma into the corpuscles to unite 
with the available K+ (freed by CT shift) to form KHCO., ; 

(б) interaction of KHCO 3 with oxyhsemoglohiu to liberate HgCOg ; 

(c) liberation of COg from HgCOg by carbonic anhydrase ; 

(d) passage of free CO, from the corpuscles back into the plasma and 
thence into the alveoli of the lungs. Abont 4 c.c. of COg are given off in the 
lungs by 100 c.c. of blood at rest and more during activitv. 

Inter-relation of Og and"’ CO, Transport. — Reduction of the blood 
increases COg uptake ; conversely, CO, uptake, helps the expulsion of Og froTU 
the. blood, i.e. it shifts the 0 , dissociation cnrve to the right. Oxygenation of 
the blood increases expulsion of COg : loss of COg from the' blood has, ''how- 
ever, little effect on Og uptake in the lungs. 

H0emog1obin=H9em-l-Globin. 

Hsem may he represented as Per : Fe++ (pp, 93 , 174 ) ; glohin as 


R 






(to indicate the presence of amino and carboxyl groupings.^ 

. r /NH, -1 

Oxyh?emoglohin=Por : Pe+^Og | I. 

Og and with base (K). 


L ^COOKJ 


i.e. it is combined with 


Reduced hsemoglobin^Por : Fe’^'*' I R- 


[■ 


/ 


.NH.G00H- 


I, i.e. it has 
^COOH I 

CO, to form a oarbammo-compound aud has lost both 0, a.nd base (Kl. 

'Note in th« eqnations that oxygen, oombines with luxm, while 00, is carried hy the 
gM>ix part of the hsemoglobia moleeale. 
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The changes in the tissues can be shown thus : 

/NH.COOH -1 

►Por : Fe”** I KHCO 3 . 

Decompression Sickness.^ — This term is applied to the syndrome which 
is produced when the external pressure is rapidly and markedly decreased. 
The condition may occur in two sets of circumstances : (i) when a high 
external pressure (several atmospheres) is suddenly lowered to normal ; 
(ii) when a normal external pressure is suddenly reduced to a very low level. 

(1) The first group to be considered includes deep divers and workers in 
caissons (steel chambers which are sunk in water and filled with compressed 
air), who are exposed to the effects of raised atmospheric pressure. At this 
stage there is little discomfort except temporary giddiness and noises in the 
ears. The breathing and pulse 
are slowed and there is frequency 
of micturition. Symptoms appear 
when rapid decompression takes 
place, i,e. when the subject re- 
turns to normal atmospheric 
conditions ; they may set in 
immediately or after some hours. 

The common symptoms are : 
pain in the limbs which cause 
the victim to double up in 
anguish (the “ bends ”) and a 
choking sensation (the ‘‘ chokes ”). 

In severe cases there is extensive 
paralysis, e,g, from the waist 
downwards. There may be signs 
of circulatory failure and cyan- 
osis ; in very bad cases death may occur in a few minutes. 

These symptoms can be readily accounted for. Under high atmospheric 
pressure, excess nitrogen (and oxygen) are taken up in solution. On rapidly 
reducing the pressure, nitrogen is evolved from solution and aggregates into 
bubbles ; the mechanism of bubble formation is obscure. The volume of 
gas evolved in any region depends on the solubihty of the gas in the tissue. 
Nitrogen is about five times as soluble in fats (e.g, adipose tissue and lipoids 
of the central nervous system and peripheral nerves), as in water. Wherever 
bubbles appear they tear the local tissue, press on or damage nerves, or block 
small blood vessels. The bends are probably due to damage to tissues 
surrounding the joints. In severe cases, bubbles form in the central nervous 
system, especially in the spinal cord at the junction of the white and grey 
matter (Fig. 257) ; it is thought that general circulatory failure is caused by 
bubbles accumulating in the blood m the heart, the resulting frothing pre- 
venting the expulsion of the blood from the ventricles into the great vessels. 
Babbles may also appear in the cerebrospinal fluid, the pressure of which may 
rise by some 3 cm. HgO. The excess oxygen which is evolved is used by the 
tissues and causes no trouble. 

1 Catchpole and Garah, Physiol, Bev,, 1947, 27, 360, Fulton, Aviation Medicine in Us 
Preventive Aspects, London, 1948. 

14* 



Thif ibom the dJstilbation of the gas bubhlee which are 
formed in the sphial cord during decompreetion. 
< Haldane and Pricey, Respiration, 1935.) 


CO,+ Por : Fe*^ 


-0. 


r/ ‘ 
'^COOKL 
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CONSTITUENTS OP SICELETAL MUSCLE 

To prevent the onset of the symptoma the pressure in the caisson must 
be reduced in stages to enable the dissolved nitrogen to be gradually given 
off If symptoms appear, reoompression must be carried out at once. 

The syndrome described above, as it occurs in caisson workers, is often 
called camon disease or compressed air sickness, although, as already explained 
it is not the compression but the decompression which causes the trouble. 

(2) The second group includes : ^ 

(i) Aviators who ascend very rapidly jfrom sea level to a great height; 
in consequence the nitrogen normally present in the body fluids is evolved 
horn solution. If they breathe oxygen for 3-4 hours before the ascent, they 
can eliminate most of this nitrogen via the lungs. They can subsequently 
ascend at a rate of 5000 feet per minute to 37,000 feet without showing 
symptoms of decompression sickness. 

(ii) Subjects who are experimentally eicposed to a low pressure in a 
decompression chamber. 

(iii) People flying at great heights in aircraft with pressurized cabins; 
if the cabin bursts they are instantaneously exposed to extremely low pressures 
(“ explosive decompression ”). In this group the symptoms are due to anoxia 
combined with the effects of decompression. 

yitrogen Poisoning . — When air is breathed at 8*5-10 atmospheres pressure, 
signs of mental deterioration set in rapidly owing to the narcotic action of 
nitrogen at these pressures ; the symptoms are not produced by mixtures of 
oxygen+ helium at the same pressure. 


SKELETAL MUSCLE.^ MUSCULAE EXERCISE 

Constituents of Muscle. — ^The principal constituents of skeletal muscle 
are : 

(i) Water, about 80%. 

(ii) Protein (17%), chiefly myosin and actin ; these two proteins acting 
together (acUhmyosin) are believ^ to be the contractile elements, the change 
in the configuration or in the arrangement of the molecules being responsible 
for muscular contraction or relaxation. Associated with myosin is an enzyme, 
adenosine triphosphatase {ATP-ase) which acts on adenosine fnphosphate 
(ATP) breaking it down to adenosine diphosphate (ADP). There are many 
other protein enzymes and their organic (non-protein) coenzymes in muscle 
(as in all other tissues) which are responsible for the many complex chemical 
transformations that take place there. 

(iii) Glycogen (in concentrations up to 1%) represents a readily available 
reserve of energy that is called upon during muscular activity. It cannot 
be directly transformed into blood sugar and is not utilizable for the relief 
of hypogly<^mia. During its breakdown (“ dissunilation ”) it gives rise to 
numerous intermediaries, many of them combined with phosphate, as 
detailed on p. 846* Muscle can also utilize the ketone bodies reaching it in 
the blood (from the liver) as a source of energy. Other undetermined substrates 
m&j also be used. 

^ Bww (Structoro of Muscle fibre). Bid. Bev., 1948, 23, 169. Symposimn on Mnscnkr 
Acad. Sd., 1947, 47, 666-930 (inoluding Dynamics, Ultra- 
stmcture. Chemistry, Mecliano>ch.emical Coupling). Monxmaerts, MuscuUif CoTdractwn, 
X.Y., 1950. Szent-Gyorgyi, OhemiOry of Muscuiar OorUraction, 2nd edn., N.Y., 1951. J 
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(iv) Adenosine triphosphate (ATP) : as illustrated ia Fig. 553, two of the 
three phosphate bonds are high-energy phosphate bonds (indicated bv the 
symbol ~ph). ATP is the immediate source of energy of muscular actiVitv • 
one of its two high-energy phosphate bonds is rapidly split off bv the enzvme 
ATP-ase leaving ADP* 

(v) Creatine phosphate (average concentration 0-5%) : its one phosphate 

group also carries a high-energy bond ; this substance thus serves as a 
convenient storehouse of energy which is called upon when necessarv to reform 
ATP from ADP (p. 843). ■ 

(vi) There are a number of specific muscle constituents to which no 

function harS as yet been assigned j a striking example is cuTTiosine (^-aianyl- 
histidine). ^ 

Cause of Muscular Contraction and Relaxation.1— The arrival of a 
nerve impulse at the motor end-plate releases acetylcholine (p. 513) which 
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Fig. 258. — ^Relaxed and Contracted Form of Myosin Molecule, (Modified 
from Astbury, Ann. Rev. Bioeheml, 1939, 8, 113.) 

Left (A) : in ftOly relaxed conditioa. 

Bight (B) : in contracted (shortened) state. 

B.=Ainino-acid side chains. 


in turn sets up the end-plate potential (p. 512). When this attains a critical 
magnitude it sets up in the muscle fibre a propagated action potential which 
is followed by mechanical and chemical changes. Muscular contraction may 
be isometric (development of tension without shortening) or isotonic (develop- 
ment of tension plus shortening) ; contraction is followed by relaxation. 
The mechanical changes are due primarily to alterations in the state of the 
two proteins, myosin and actin (acto-myosin). Thus acto-myosin has been 
extracted from muscle in the form of threads which in vitro can be made to 
contract by adding ATP to a medium containing a suitable concentration of 
Mg++ or E+ ions. Contraction may be due to an alteration ia the configura- 
tion of the protein molecules, e.g. the amino-acid groups may become folded 
up on themselves as shown in Fig. 258 ; alternatively, it has been suggested 
that the protein molecules are dispersed in the relaxed state and become 
closely packed together and interlocked durii^ contraction. 

Two views have been expressed about the nature of muscular activity : 

(i) That muscular relaxation is the active phase of the cycle. The state 
1 Sympoftittm, Hill al*, Proc, roy» Soc. B., 1950, 1ST, 40. Hill, ibid^p 26$. 
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of the relaxed muscle is likened to a pulled out taut spring ; energy must 
be anniied to produce and maintain this condition. Contraction is attributed 
' " ^ to an undefined agent 

which permits the ‘‘ spring 
to recoil. The potential 
energy which was stored by 
the muscle during "'relaxa- 
tion ” is expended during the 
succeeding contraction in 
varying proportions as work 
and* heat. On this hypothesis 
heat could be liberated during 
and after contraction but not 
before it. 

(ii) That muscular con- 
traction is the active phase 
of the cycle. On this 
hypothesis some chemical 
changes occur first which 
release energy that is used 
in causing development of 
tension or shortening. If this view is correct heat might be evolved in 
stimulated muscle before the rise of tension. 

The decisive experiment consists in determining the exact time 
relationship between the first appearance of heat and of tension in 
stimulated muscle. Observations 
have been made on stimulated 
tortoise muscle cooled to 0* C. in 
which the course of events is greatly 
slowed down and thus more readily 
followed. It is found that the evolu- 
tion of heat begins before the 
mechanical response indicating 
that muscular contraction is the 
active phase of the cycle (Tig. 

25Sa). 

Chemical and Energy 
Changes associated with 
Muscular Activity. — These 
are worth studying for their 
own sake, though as has been 
emphasised their relationship to 
muscular activity is obscure.^ 

Some of the reactions to be 
described occur as readily in the 
absence of oxygen {an<Erobiccdly) 
as they do in the presence of 
oxygen (tsrdbicaUyj) ; others can only take place in the presence of 
oxygen. 

* Hill, “ A Challenge to BiochemiaW’ Biochem. Biopkyi, Ada, 1950, 4, 4. 
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Fig. 259. — Summary of Chemical Changes in 
Muscular Activity. 
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Fig. 25Sa. — T ime Relation between Heat Production 
and Development of Tension. (Hill, Pfoc. roy, 
Soc. 1950, 137, 269.) 

Tcrtoiie muscle at O' C. Abscissa: time after stlmulns — shock 
in seconds. Ordinate : left, heat evolved in mihicaioileB 
per g. ; right, tendon in g. 



CHEMICAL AND ENERGY CHANGES 


429 


Tke following are the principal known chemical reactions associated with 
muscular activity (Fig. 259) ; ^ 

(1) Adenosine Triphosphate {ATP)-^Adenosine Diphosphate (ADP). 
— The initial event is the breakdown of adenosine triphosphate (ATP) to the 
diphosphate (ADP). The specific enzyme involved is adenosine triphosphatase 
(ATP^ase) wfdch is found in association with myosin ; high-energy phosphate 
bonds (^ph) are released (p. 843). 

ATP->ADP+--ph. 

The above reaction provides “ bond energy ” which is in some unexplained 
way responsible for contraction. This reaction can occur anaerobically. 

(2) Breakdown of Creatine Phosphate. — The next event is the 
breakdown of creatine phosphate to yield creatine and a high-energy phosphate 
bond. The latter is applied to ADP, steadily rebuilding it into the higher 
energy state of ATP, thus : 

Creatine Phosphate-j-Creatine-f-'^ph. 

-^ph-fADP-5^ATP 

This reaction can occur anasrobically (p. 893). 

As a result of reactions (1) and (2) adenosine triphosphate is always 
available to supply energy for muscular activity until all the creatine 
phosphate has been Jfinally broken down to creatine. 

(3) Breakdown of Muscle Glycogen. — The stages in the breakdown 
of muscle glycogen (and of the glucose taken up by the muscle from the 
blood) are fully described on p. 846. At various stages in the “ dissimilation ” 
process, more high-energy phosphate bonds are generated which serve to 
restore creatine to creatine phosphate. Thus : 

Glycogen-Blower intermediaries-r'*^ph (as ATP) 
--^ph+Creatine-BCreatine Phosphate. 

Under ancerohic conditions, glycogen breaks down as far as pyruvic acid, 
which acts as an ‘‘ intermediate hydrogen acceptor,” i.e. it takes up hydrogen 
from reduced coenzyme-I (Co-I.2H) produced in an earlier reaction, and 
becomes lactic acid (cf. p. 849), e.g. 

CH3CO.COOH4-Co-I.2H-BCH3CH(OH)COOH-rCo-I 

(Pyruvic acid) (Lactic acid) 

It is clear, therefore, that skeletal muscle can function normally, t.e. 
contract and relax, for some time in the complete absence of oxygen. 
Fatigue, however, sets in rapidly. 

Lactic Add, — ^i) If isolated muscle is stimulated to fatigue in an atmos- 
phere of nitrogen (anaerobically) lactic acid may accumidate up to con- 
centrations of about 04% and equivalent amounts of glycogen di^ppear. 

(ii) It must also be emphasized that in the intact person when the muscles 
are contracting maximally under conditions of natural blood flow, the oxygen 
supplies (though enormous) cannot be increased to the full extent demanded 
by the work of the muscle ; in these conditions (in one sense aerobic, but in 
relation to need, really anaerobic) lactic acid likewise accumulates in the 

^ Consnlt pp. 839-865. But “ I pass slightly ; I am not fond of repeating words like 
a parrot.” (Gibbon.) 
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Fatigue. — TKe cause of fatigue in directly stimulated isolated muscle is 
unknown. Fatigue resulting from stimulation of tke nerve of a nerve-muscle 
preparation is due to some change at the motor nerve endings, possibly 
failure of the mechanism normally concerned with the release of the trans- 
mitter, acetylcholine (p. 513). The fatigue of muscular exercise in man is 
considered on p. 438. 

Heat Production in Muscle.^— If a muscle is stimulated to contract 
isorneirically, i.e. by pulling against a spring which it cannot overcome, the 
length of the fibres rem a ins unaltered, but the tension in the muscle increases. 
All the energy of the chemical changes is converted into heat, which can be 
measured by means of a sensitive thermopile. 

If the muscle is stimulated isometiically in the absence of oxygen (anm- 
robiccdly), heat is evolved. Some is evolved during the twitch, a"s shown in 
Fig. 258a ; this constitutes the initial heat. A further much smaller amount 
is liberated for 1-2 minutes after the bout of activity is over, the so-caDed 
ancerobic delayed heat. K the muscle is stimulated in the presence of oxygen 
(cBToUcally) the initial heat (during the twitch) is identical in amount "with 
that liberated under anaerobic conditions ; but now a large amount of heat 
is also liberated after the end of contraction-relaxation, the cmdative delayed 
heat. These facts are expressed roughly quantitatively in the following 
Table (heat values are in arbitrary units) ; 



Initial Heat. 

Delayed Heat, j 

! 

Oxygen absent . 

3 

j 

0-1 j 

! 

Oxygen present , 

j 

3 i 

j 

3 i 

! 


The course of heat production during isometric contraction followed by 
relaxation is well seen in Fig. 258a. The heat is derived from the energy 
liberated by the chemical changes detailed on pp. 428 et $eq. (The effects 
of this Hberated heat on body tenyperatwe axe dealt with on p. 474.) 

Work of Muscle. — ^When a muscle contracts iwtonicaUy, i.e. when it is 
permitted to shorten and move a weight, work is done. The possibie m^han- 
ism responsible for the development of tension or of shortening was considered 
on p. 427. 

The ratio e^er^ conyerted mto work ^ mechanicul 

total energy liberated ^ 

ejfficiency. In the case of isolated muscle under optimum conditions about 
40% of the total energy of the chemical changes which occur is converted 
into work. 

In the human subject lower figures are obtained: in an athlete the 
mechanical efficiency is about 25-80% ; in an untrained person, it is 20-30%. 
^^th each kind of work there is an optimum rate of contraction at which the 
movement is carried out with a maximam efficiency (cf. Fig. 265 and p. 442). 

1 Hill, Pf96. rof. See. B., 1M0, m, 1C6-254. 
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CIRCriATORY CHANGES IN MUSCLE 

Circulatory Changes in Muscular Exercise. Local Changes in 
Active Muscle.— The circulatory adjustments in human muscles resulting 
from local activity can be determined by studying the volume and blood flow 
changes in the forearm (which is S5 ®'q muscle) during and after clenching the 
fist for varving periods and for a varying number of times. 

(I j Blood Context Changes. — As the volume of muscle fibres is not 
decreased during contraction, any change in the volume of a muscle (recorded 
with the plethvsmograph) must be due to alterations in its contCTit of blood 
(or interstitial fluidC Muscle volume changes thus reflect changes (active or 
passive i in the calibre of the muscle vessels ; they do not measure variations 



Fig. 260.— Effect of Clenching Fist on Circulation in Forearm. (Grant, Clin, Sci,^ 1938, 3.) 


A. Forearm rolum^ changes measured by simple plethysmography. Strong fist-clench maintained for 

60 sec. (signal line, exercise). Time in 10 sec. , . x.. v .. 

B. Forearm blood Jlotc (in c.c./lOO c.c. of forearm volume) measured by "occlusion plethysmography. 

C » sarong clench of fist maintained for 11 Tnin. Time in minutes. Slight increase in blood flow during 

contraction ; marked and sustained increase in blood flow after the contraction is over. 

in the blood flow through , the muscle which must be independently 
determined. Fig. 260, A shews that when the muscles contract, the volume 
of the forearm initially decreases ; this is due to compression of the intra- 
muscular veins and expulsion' of their blood centripetally. If the contraction 
is maintained the volume of the forearm progressively increases ; this is due 
to dilatation of arterioles and capillaries taking place owing to the action 
of locally formed products of metabolism (metabolites) and in spite of the 
handicap of raised muscular tension. When the muscles are relaxed their 
volume rises further, displaying the foil vasodilatation which is now unimpeded 
by external compression. If the contractions are repeated several times 
(Fig. 261) it is found that each contraction temporarily diminishes the muscle 
volume (i.€. blood vessel calibre) to some extent j the volume mounts pro- 
gressively, however, during each interval of relaxation, demonstrating that 
local va^dilatation is becoming progressively greater. 

(2) Blood Flow Changes. — The resting blood flow in human muscle is 
very low, i.e. 1-4 c.c. per 1(X) c.c. of muscle. During a brief period of 

» Bainbndge (ed. Bock and Dill), PhyHohgy of Muscular Exercise, London, 1931. 
Schjwider, Physiology of Muscular Exercise, houdjcm, 1933. 
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sustained contraction it may rise comparatively little ; but during tbe sub- 
sequent relaxation it increases markedly (Fig. 260, B). These experiments 
show clearly that broadly spiking (as in heart muscle, p. 238) the skeletal 
muscle veins are emptied during contraction and that the arteries and veins 
fill during relaxation. The arterioles are dilated to a degree which is pro- 
portional to the severity and duration of the activity, the full measure of 
dUatation being manifest immediately activity comes to an end. Fig. 262 
shows, for example, that after exercise of 4 minutes’ duration the blood flow 
may be 33 c.c. per 100 c.c. of arm per minute, equivalent in this example to 
30 times the resting value. The vasodilatation and high blood flow subside 
comparatively slowly, and 10-15 minutes may elapse before resting conditions 
are restored. This implies that the metabolites released during activity are 
relatively stable and are re- 
moved (or locally disposed of) cc 

very gradually. The vascular A /A »5 • 

changes described are not / 1 / \ 

significantly modified by de- /III) 

priving the limb of its /) / \ J - 

sympathetic nerve supply; \ j ^ ^ 

nervous factors obviously play / ^ 

little part in the local cir- / Forearm Volume 

culatory adjustments so far — ^ * Contraction ^ ' 

discussed. It is clear that it ^ 
is easier to adjust local blood -Si. .Ll. 

flow to local needs during — — i — « — i — » — « — » — * — t — j — r-1 

riythmicthaimstaiiomusoyjlax 261.-E£fect of repeated brief FUt-ClenchingB 
activity. ^ ?oii Forearm Circnmtion. (Grant, Clin. Sd., 

Such local adjustments can _il938, 3.) 

deal adeciuatelv with the needs Forearm volume changes measnred by simple pletbysmography. 
« jj! C— clench list for 10 sec. Time In 10 sec. 

of small masses of contractmg 

muscle ; the weight of the forearm muscles is about 500 g., so that the 
highest blood flow recorded in Fig. 262 represents a total flow of only 
c.c. per minute, which is a small drain on a total cardiac output of 
5000 c.c. When the muscular activity is very widespread and of maximal 
violence the local vasodilatation may be greater and involves 

a far greater total blood flow. To take an extreme case: a blood flow 
of 30 c.c. per 100 g. to the entire muscle mass of 40 kg. (in man) represente 
12,000 c.c. of blood flow per minute. To achieve muscle blood flows of this 
ordcrof magnitude, widespread circulatory adjustments are needed. 

2. General Circulatory Reactions. — The principal circulatory reactions 


C. C. 


may be thitt summarized : 

(1) Venous Retubn. — There is a greatly increased venous return which 
is due to : (i) vigorous muscular contractions, aided by the valves in- the 
veins ; (ii) increased depth and frequency of respiration ; (iii) rise of capHIaiy 
and venous pressure winch is in part due to arteriolar dilatation. 

(2) Incbeasbd Cajbbiac Output (cf. p. 279). — The increased venous 
return is disposed of by a greatly increased cardiac output (on the right ride) 
which is brought about as follows : 

(i) By an increase in the rate of the heart to 150 or over pear minute 
owing to: 
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(а) Impulses from the higher centres. 

(б) Venous reflex, set up as a result of the raised pressure in the great 
veins (p. 272) ; this is probably the principal factor concerned and increases 
the h 6 a 3 rt rate in proportion to the rise in venous return. 

(c) Rise of CO 2 tension act- 
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ing directly (and reflexly) on 
the cardiac centre (p. 274 and 
Fig. 181). 

(i) Rise of temperature 
acting on the cardiac centre 
and the sino-auricular node 
(p. 274). 

(ii) By an increase in the 
output per beat (the stroke 
volume) up to perhaps 200 
c.c. ; the greater venous filling 
produces a greater stretch of 
the heart muscle fibres at the 
beginning of systole (p. 275). 

The cardiac output may 
reach 30 or even 40 litres per 
minute, i,e. it is increa^ 
sixfold or more. 

(3) The Left Side oe the 
Heart receives the whole of 
the right cardiac output, and 
its output is equally increased. 

(4) Redistribution op 
THE Blood. — The blood is 
redistributed so that a greater 


Minutes iSitr end of Exercise proportion is sent tO the 

Fio. m— Arm Blood Flow following Exercise, active regions. The arterioles 
(Drawn from data of Grant, Clin. Sci,, 1938, of the splanchnic area and 
^1^-) skin are initially contracted, 

Stood itotrmeMmai by “ oedo^a pkthjMnography/; and the blood is diverted 
Limb Tolume, 700 c,c. Initial resting blood flow, 0*9-l*4 . , ^ 

e.e./100 e.c. Exerciae consisted of strong Ascends for mainl y tO the muscles and 
0*5 sec^ followed by interval of 1 sec. Duration of period hixa-ri- YWlian +1*0 

ef socsKise (shown on eteh carve) ; 5', 2 Qr, 40*. 4 min. heart. ( W hen the Dody tem- 
perature rises in violent exer- 
cise the akin vessels are dilated again to facilitate heat loss (cf. p. 474).) The 
ledistribution is effected as follows : 


(i) -The msomotor centre is stimulated by (o) impulses from tie h^er 
centres i (b) perhaps refleady fipom the active muscles ; (c) by the increased 
00* tension (p. 309). It will be recalled that the vasomotor fibres pass chiefly 
tc tiim splanishnic and cutaneous arterioles. 

(ii) FeriphemOff^ {a) metabcUtes are the main factors involved and they 
the arterioles in the muscles (p. 433) ; (b) adrenaline^ which is secreted 

in tim ea of stress (p. 731), constricts the arterioles which have a marked vaso- 
motor supply (skin and splanchnic area) and directly dilates muscle vessels. 

The flow to the hmn is perhaps increased as it is chiefly dependent 
on the general level of blood pressure, which is raised. The blood supply 
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to the heart is enormously increased for reasons discussed in detail on 
p. 238. 

The entire circulatory system is coordinated to one main end, f.e. to 
increase as far as possible the blood flow through the active tissues. This 
result is attained by the nice cooperation of a large number of factors : the 
respiratory and muscular “ venous pumps,” the heart, the vasomotor nerves, 
and peripherally acting chemical dilator agents. 

(5) Blood Pressxtbe. — T he hlood pressure rises, e.g, to 160 or 180 nun, 
Hg. As the output of the heart increases threefold or even sixfold, one would 
expect the blood pressure to rise in the same proportion. The fact that the 
observed rise of blood pressure is relatively small shows that the total peri- 
pheral resistance in, exercise is decreased, i,e, the dilatation of the muscle 
vessels far outweighs the constriction of the splanchnic area and skin. 

(6) Capillabies. — T he muscle capillaries are dilated, and many which 
were previously closed become patent owing to the action of metabolites 
(p. 320). This does not alter the volume of blood flowing through the muscle 
in unit time, but it decreases the linear velocity and, as has been pointed out 
(p. 413), this provides more time for the all-important gaseous interchanges 
between the blood and tbe tissues. 

Haemo- Respiratory Changes. — The principal points to be considered 
are : (i) pulmonary ventilation ; (ii) oxygen consumption ; (iii) CO, output ; 
(iv) ratio of CO, output/0, consumption, i,e, the respiratory quotient; 

( v) changes in the blood, especially its reaction and gas-carrying properties. 
The changes must be reviewed (i) in moderate and in very severe exercise, and 
(ii) during the exercise and after it has come to an end. We will further 
have to consider broadly how the vast amounts of oxygen which are needed 
by the active muscles are supplied to them and how the CO, formed is 
removed and finally expelled from the lungs. 

The size of the respiratory problem is indicated by the following data : 
the 0, consumption in severe exercise may be raised from 250 c.c. to 4000 c.c. 
per minute {i.e. sixteenfold) ; the CO, output in some phases of violent 
exercise may go up from 200 c.c, per minute to nearly 10,000 c.c. {i.c. about 
fiftyfold). 

Varieties op Exercise, — (1) The term ‘‘ very severe exercise ” is used 
with reference to muscular activity which by reason of its severity can only 
be kept up for a very short time ; examples of this are a 100-yards or quarter- 
mile race at top speed ; at the end of such a race the runner is completely 
exhausted. From the physiological point of view the characteristic feature 
of this form of exercise is the inability of the heemo-respiratory systems to 
supply the muscles during the period of exercise with all the oxygen they 
require for their tremendous level of activity. A so-called oxygen debt is 
incurred (p, 439), i.e. a large volume of oxygen has to be absorbed after the 
exercise is over to dispose of metabolites which accumulated in the muscles 
during activity because of their relatively anoxic state. 

(2) “ Moderate exercise ” is of a kind that can he kept up for long perio^, 
^'9* vigorous walking at 5 miles per hour or steady running. Such exercise 
may involve a considerable measure of exertion and necessitate extensive 
hsemo-respiratory adjustments. Its outstanding physiological feature is the 
ability of the body to supply the active muscles with practically afi the 
oxygen that they require immedicUdy it is wanted and to a d^ree which is 
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proportional to the level of activity. These points are further discussed 
below. 

Metabolic Studies on Exercise in Man.^ — The resting oxygen con- 
sumption and the COo output are first determined by means of the Douglas 
bag technique. The expired air is then collected during and after exercise, 
and the gaseous exchanges again determined. The metabolism over and 
above the resting level can thus be calculated, and is termed the excess 
metabolism of exercise. 

Moderate Exercise.— (1) Pulmon^y YENTiLApoN. — The pulmonary 
ventilation is increased to a degree which is proportional to the severity of 
the exercise. Thus when walking at 2, 3, 4, and 5 miles per hour the pul- 
monary ventilation rose to 18-6, 24*8, 29*0, and 60*9 litres pec minute respec- 
tively (p. 405). The increased 
breathing is brought about by 
appropriate stimulation of the 
respiratory centre : 

(i) by impulses from the 
higher centres produced 
by the emotional ten- 
sion before the exercise 
begins; 

(ii) by the raised CO 2 tension 
of the blood ; 

(iii) by any rise of body 
temperature that may 
occur; 

(iv) reflexly from the engorged 
great veins and from 
the active muscles them- 
selves. 

Very little lactic acid accumu- 
lates in the blood, as it is disposed 
of in the muscles and other 
organs about as rapidly as it is 
being formed ; arterial anoxia does not develop, as the blood flowing through 
the lungs is adequately oxygenated. The H+ ion concentration of the blood 
only rises slightly from HjCOg retention. 

The most important single factor controlling respiration is the rise of 
CO 2 tension ; the ventilation increases in direct proportion to the severity 
of the work performed. After the exercise is over the breathing rapidly 
settles down to the resting level as the excess CO 2 is eliminated. 

(2) Oxygen Consumftion. — This is increased in proportion to the 
severity of the exercise. Thus when walking at 2, 3, 4, and 5 miles per hour 
the Oj consumption rose to 780, 1065, 1595, and 2543 c.c. per minute. Fig. 263 
shows that in running at 7, 7*5, and 10 miles per hour the Oj intake rises 
gradually, reaches its peak after about 2 minutes, and then remains steadily 
at this high level ; at 10 n^es per hour the 0* intake per minute was 3*6 litres 
per minute. It is convenient to consider here the means by which most of 

1 mk Movement in Man, London, 1927. Grodina, Phyeiol. Bev., 1960, 30, 

220. Gemma], iiui., 1942, 22, 32. Comroe, iWd., 1944, 24, 319. 



Fig. 263.— Relation of Oxygen Consumption to 
Severity of Exercise (Speed of Running) in 
Man. (A* Y. Hill, Muscular Movement.) 

Ordinate: excess oxygen consumption above resting 
level (litres per minute). 

Abscissa ; iime in sec. after onset of running. More 
oxygen is consumed at higher speeds i; the oxygen 
consumption rises gradually and reaches its 
TnaxImuTu steady value after about 2 minutes. 
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this enormous amount of oxygen is supplied to the active muscles. The main 
reactions concerned are as follows : 

(i) Breathing. — The increase in pulmonary ventilation alreadv described 
introduces large amounts of fresh air and oxygen into the lungs (and drives 
out CO2). 

(ii) O2 Ujptake in the Lungs. — ^Large amounts of oxygen are taken up 
from the lungs by the blood. 

(а) The mixed venous blood arrives at the lungs in a more reduced form. 
Normally at rest the venous oxygen content is 14 c.c.%, the amount taken 
up from the alveolar air is 5 c.c.% and the arterial oxygen content is 19 c.c.%. 
In hard work the venous blood may contain 7 or even as little as 3 c.c.®,o ; hi 
becoming normally arterialized it takes up 12-16 c.c.% (cf. p. 413). The 
oxygen intake may by this means alone increase more than threefold. 

(б) The cardiac output is also increased about fourfold or more (e.p. up to 
30 litres per minute (pp. 279, 433)). 

The oxygen uptake in the lungs may in these ways be increased to the 
requisite amount, e.g. sixteenfold (from 0*25 litre to 4 litres per minute). 

(iii) Supply of Oxygen to the Tissues,— k great blood supply (and therefore 
oxygen supply) to the muscles results from the large left heart output and 
the redistnbution of the blood in the systemic circulation (p. 434). 

(iv) Removal of Oxygen ly the Tissues. — This is effected as foUows : 

(а) Dilatation and increase in the number of the capillaries in the muscles 
(p. 320) slows the rate of the blood flow and allows more time for gaseous 
exchanges. 

(б) Low oxygen tension in the tissues allows oxygen to diffuse more 
readily and to a greater extent out of the blood. 

(c) High COj tension and raised temperature increase the extent and 
rate of dissociation of oxyhsemoglobin (p. 411). 

The blood which leaves the tissues is thus very extensively reduced, and 
the mixed venous blood may contain as little as 3 c.c.% oxygen instead of 
the usual 14 c.c.%. Experimentally, the Oj consumption of active muscle may 
rise thiriyfold. This could be achieved by an increased blood flow {e.g, X 10) 
and an increased utilization of oxygen {e.g, x 3) ; it is known that the muscle 
blood flow in exercise may increase even up to thirtyfold, so that an ample 
margin is available. 

It will be noticed again how every part of the body makes its contribu- 
tion to the general effort. The pulmonary “ bellows ” supply the oxygen. 
The heart and vasomotor mechanism send the blood mainly to the parts 
which need it. The tissues abstract as much oxygen as they can from the 
blood which is supplied to them. 

The O 2 consumption falls rapidly to its resting level when the exercise is 
ended. 

(3) COj Output. — ^Data for COg output are given in the Table on p. 405. 

The ratio of COg elimination to oxygen consumption can he judged from the 
data for the respiratory quotient given below. The elimination of the large 
amounts of GOg formed in the body is effected in a manner analogous to that 
described for oxygen. ^ ^ 

(4) Rbspikatoby QuoTUfiNT. — Special attention has been pmd to the R.Q, 
of the total metabolism or of the excess metabohsm of exercise in the hope 
(possibly the vain hope, cf. p. 373) of obtaining information about the kind 
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of foodstuffe wHcli are used by muscles during activity. The R.Q. proves 
to be about the same as the pre-exercise value {e.g, 0*85). Thus when walking 
at 2, 3, 4, and 5 miles per hour, the R.Q. varied from 0*85 to 0*9 ; during the 
previous resting period it was 0*8 to 0*88 (p. 405). If these results mean 
anything they suggest that the body uses the various foodstuffs in exercise 
in rougUy the same proportions as at rest. 

On^ a "diet consisting mainly of fat, if the exercise is prolonged, the R.Q. 
falls to about 0*7, suggesting that fat is being used as the predominant fuel. 
The fat is not burnt directly by the muscles, but is first transformed in the 
liver into carbohydrate or ketone bodies which are then sent to the muscles 
to serve as the source of energy. 

(5) Blood Reaction. — Lactic acid does not escape from the muscles into 
the blood. The H+ ion concentration of the blood only rises slightly from 
accumulation of HjCOj, and there is consequently no marked respiratory 
distress. 

(6) Cabduc Output. — In running at the rate of 9 miles per hour, an 
oxygen intake of about 4 litres per minute is attained and can be kept up 
for half an hour. This, as expired on p. 279, involves a cardiac output 
per minute of about 30 litres, which is the highest obtained in the human 
subject when breathing air. If oxygen is breathed during the period of 
exercise, the oxygen consumption may be as high as 5*9 litres per minute, 
and the cardiac output is then over 40 litres per minnte. This latter figure 
probably represents the limits of bodily reaction. 

The other circulatory changes are described on pp. 432 et seq, 

(7) Eatigue. — In steady prolonged exercise, fatigue is due to a number of 
ill-understood factors ; in the main it is attributed to changes in the brain 
resulting from slight anoxia and increased H"** ion concentration. Afferent 
impulses set up in the active muscles (in part perhaps by the local physico- 
chemical changes) give rise to discoinfort and contribute to the sense of 
weariness. Some of the stif&iess may be due to swelling of the muscle from 
accumulation of exuded fluid from the blood (p. 19). 

Severe Exercise. — (1) Pulmohaby Ventilation. — ^The characteristic 
feature of this type of exertion, which is necessarily of relatively brief duration, 
is that the breathing remains much above the resting level for a prolonged 
period after the exertion is over. In the case^of a man who ran 225 yards in 
23*4 seconds, the pulmonary ventilation returned to normal in 27 minntes ; 
after a quarter-mile race followed by severe gymnastics, in 44 minutes ; after 
‘‘ standmg-runniug ^ for 4 minutes (breathing oxygen), in 87 minutes. 
In the case of a 100-yards sprint, the subject may scarcely draw breath 
during the race, but marked dyspncea develops later, 

(2) Lactic Acid Formation. — ^During very violent exercise, owing to 
relative anoxia of the muscles, lactic acid accumulates in the muscles and 
diffuses out into the blood stream and throughout the body fluids. 

The resting level of blood lactate is 10-20 mg— %. As a result of violent 
exercise the level may rise to 100 or even to 200 mg— %. As lactate is freely 
diffusible, the blood lactate level represents the concentration in the muscles, 
the inter^tal fluid, and ;^ssibly in the intracellular fluid generally. If the 
total volume of body fluid (i.e. 50 L) contains a lactate concentration of 
sIwKidUng in <H!a and oarrjing oat rapid movaments of the leea as in 

ntaning. 
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200 ing-% (Le. equal to that in the blood), the total lactate accumulation is 
100 g. iSer the exercise is over this lactate is disposed of ; the blood lactate 
concentration steadily diminishes and reaches the normal level after a variable 
period of time, sometimes after as long as 60 minutes. 

(3) Bespiratoby Quotient. — The respiratory quotient of excess metabol- 
ism during the period of exertion first rises above 1 and may reach 1*5 or 2 ; 
the maximum figure is usually attained shortly after the end of exercise. 
During the recovery period the R.Q. falls below normal, to 0*5. 

These changes can be readily accounted for. The lactic acid which, as 
we have just noted, accumulates in the plasma during violent exercise is 
buffered as usual by the bicarbonate. 

HL+NaHC03-^NaL+H2C03->C0ji 

This reaction results in the liberation of large amounts of CO„ mihout any 
equivalent utilization of oxygen. In addition, various foodstuffs are burnt in 
the muscles, oxygen being used and COg evolved with an E.Q. of 1 or less. 
When the B.Q. of excess metabolism is 2, for each 1 molecule of COj resulting 
from oxidation processes in the muscles, at least another 1 molecule of COj 
is evolved from the NaHCOg of the plasma. The extent to which the R.Q. 
exceeds 1 is a good index of the intensity of the exertion. The low B.Q. 
following the exercise is due to CO 2 being retained in the blood to reform the 
bicarbonate (p. 440). 

(4) Recovery after Severe Exercise. — After severe exercise the oxygen 
consumption (like the pulmonary ventilation) remains initially far above the 
resting level ; thus following violent standing-running (Fig. 264) the Oj 
intake per minute was at the rate of 1800 c.c. at 30 seconds, 1250 c.c. at 50 
seconds, 750 c.c. at 100 seconds, and 500 c.c. at 140 seconds ; (the resting 
level was 250 c.c. per minute). The Oj intake declines slowly further but may 
not return to resting level for 30-120 minutes. 

The volume of O 2 used after the exercise is over in excess of the resting 
O 2 consumption for the same length of time is called by Hill the oxygen debt, 
or, better perhaps, the recovery o^gen. It can be measured as follows: 

(i) the resting consumption is determined. 

(ii) The post-exercise oxygen consumption is measured until it has fallen 
to its pre-exercise value ; as a rule this occurs in 30 minutes. The resting 
oxygen consumption in (say) 30 minutes is then deducted from the post- 
exercise O 2 consumption for the same time. The difference is the 0^ debt. 
Oxygen debt figures as bigh as 15-18 litres have been observed. These 
resets can be readily accounted for* During very violent exercise all the 
tremendous circulatory and respiratory reactions prove inadequate to supply 
the active muscles with their full O 2 requirements. As has been repeate^y 
emphasized, the active muscles, in spite of their large O 2 uptake are contracting 
in a sense anaerobically. Much lactate undoubtedly accumulates in the b^y 
(up to 100 g., supra) and probably other products of muscular metabolism 
as well. The recovery oxygen is used to dispose of the various waste products 
which have accumulated during the bout of violent activity# 

(iii) During the first few minutes of the r^very process there is no 
decrease in the amount of lactate in the plasma nor, presumably, in the muscles. 

It seems, therefore, that metabolites other than wta^ are dispes^ of fiist* 
The oxygen used for this purpose is termed the ** alactie acid deot/* 
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(iv) When this has been dealt with the lactate is got rid of gradually in 

the following wav : . • -j- 

{a) The lactate of the muscles is first disposed ot ; t.e, it is reoxidised to 
pyruvate and then dissimilated to CO 2 and water or perhaps partially recon- 
verted into glvcogen (p. 849). , • • i. at ^ 

{b) The sodium lactate of the blood is in the lorazed form as iSa+ and 
lactate' ; some of this lactate is now taken up by the liver and is there rebuilt 
into glycogen. 

(c) The rest diffuses into the muscles (as the local lactate concentration 
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Fig. 264. — ^Recovery Pluae after Severe Mnscnlaj Exercise 

(S ^AnHing -R nnnmg )^ 

Abecit8a»*iime in seconds. Ordinate : heart rate per minute ; 02 intake in 
c.e. per minute. The resting values for heart rate and oxygen^cou- 
Bumption were 70 beats and 250 c.c. per minute.^ 

Snd of exereii^ shown by arrow. 

Koto that neither the O 2 consumption nor the heart rate had returned to 
ncntnal 140 sec. after the end of exercise. Totof excess O 2 consumed after 
the.exercise is over is the oxygen debt. (Alter Lythgoe and^Pereinu) 

falls) and other organs to be oxidized and then dissimilated or converted into 
glycogen. Such lactate as is oxidized in the tissues yields CO 2 ; (it is perhaps 
worth emphasizing that lactate cannot be oxidized in the blood stream. 

(d) The CO 2 thus formed, on entering the blood is retained there to a 
considerable extent instead of being blown off in the lungs. It unites with 
the Na*^ of the plasma which was previously combined with lactate (as sodimn 
lactate) to re-form the bicarbonate which has been depleted during the period 
of exercise. 

{e) The COj output from the lungs is thus considerably less than the 
axygen consumed, and in this way the low R.Q. which follows violent exercise 
is accounted for. 

(5) Blood Bx action. — Owing to the flow of lactic acid into the blood 
there is an increase in the HjCO, and a fall in the bicarbonate content of 
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the plasma. These two factors produce a demonstrable increase in the ion 
concentration. This acidcBmia stimulates respiration and increases the 
pulmonary ventilation to an extent which is sufficient to give rise to sub- 
jective symptoms of distress or dys'pncea. The acidaemia^is stilU present, 
of course, at the end of this severe type of exercise. *The ventilation, 



Ordinate ; Calories per hoar. 

Abscissa : Work in kg. metres/minute. 

Tbe work in eadi case lasted 60 minntes and was of increu jg degree o sevent 


therefore, does not return to normal for a prolonged period,^ e.g. for 
half an hour or more after the exercise is over ; as already points out 
throughout this time the oxygen consumption (and the cardiac output and 
blood flow to the muscles) remain above the resting level 

Affce? the exercise is over the normal blood reaction is restored (i) by 
blowing off the excess COg ; (ii) by restoring the bicarbonate of the plasma 
to its original level, as described above. ^ 

Very little lactate is excreted in the urine, and the amount thus eummated 
is no index of the amount of lactic acid formed. 
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It must be emphasized that strenuous exercise does not depend on con- 
current oxidation ; lactic acid and other waste products are formed in 
amounts far greater than the maximum oxygen intake can cope with. The 
chemical processes (partlv aerobicj but to a varying extent also anaerobic) 
going on in the muscles yield energy which enables activity to be continued. 
The excess lactic acid in man is temporarily buffered in the tissues and in the 
blood stream, accumulates throughout the body fluids, and is disposed of 
after the exercise is over. We are thus permitted to do work far in excess of 
the greatest oxygen supplies which the heart and lungs can provide at the 
time, and we accumulate lactic acid and other substances. We metaphorically 
overdraw our oxygen account during the exercise and repay the debt later. 
The size of the repayment during the recovery period is, of course, equal to 
the oxygen debt incurred during activity. The acidaemia which is still present 
at the end of exercise serves so to say as a guarantee that the ventilation 
will be adequate to supply all the oxygen necessary for the recovery process. 

Second Wixb. — This phenomenon is familiar to athletes ; during a long 
race initial dyspnoea supervenes, but after a while this passes away and 
the breathing becomes more comfortable. It has not yet been satisfactorily 
explained. 

Heat Exchanges. — Fig, 265 shows the changes occurring during exercise 
of increasing degrees of severity. Total energy output increased in direct 
proportion to the increase in the severity of the work. With the hardest 
type of work studied (1260 kg/'min.) the total energy output rose to 800 Cal. 
per hour as against a resting value of less than 100 Cal. per hour. Only about 
one-quarter of this energy is converted into mechanical work, and about 
three-quarters (600 Cal. in the example quoted) was given off as heat. The 
change in body temperature depends on the relationship between the rate 
at which heat is formed and the rate at which heat is given off firom the 
body. With hard work heat production substantially exceeds heat loss 
with the result that the body temperature rises. The lower three curves in 
Fig. 265 show the ways in which the extra heat is given off. Heat loss by 
convection and radiation alters negligibly, and there is a small increase in 
heat loss from the lungs ; in the main, heat loss is effected by increased 
secretion and evaporation of sweats 


ANOXIA (OXYGEN LACK) ^ 

The term anoxia is employed to describe oxygen lack in the body from 
any cauae. Anoxia occurs commonly and complicates many diseases as a 
secondary factor. It is important to obtain a clear idea of the effects of anoxia 
and the various conditions which may produce it. 

Effects of Anoxia. — 1. Nebvotts System. — When anoxia is very rapid 
and severe, loss of consciousness may occur without any warning, as when 
the oxygen supply is cut off from an airman at a great height or when a 
miner puts his head into a cavity full of methane gas and drops as though 

^ See Barcfoff, Reepiraicry Function of the Bloody Cambridge, 1914 ; 2nd edn. pt. L 
dUUudea, 1925; Laned, 1920, ii, 485. Haldane and Prieetley, 
SMpimfeojfc, Oxford, bow edn., 1935. Van liere^ .dnOano, Chici^o, 1942. Armstrong, 
Anaiton Mtdieine, 2nd edn., London.n943. Monge, PhjfgkL See^ 1943, 23, 186. 
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felled by a blow. When the miner recovers on breathing pure fresh air for 
a few seconds, he really believes that he has been knocked down, and acts 
accordingly, assaulting anyone in his vicinity. K anoxia develops more, 
gradually, the intellect and the senses become dulled without the person 
being subjectively aware of what has happened. When the anoxia is relieved, 
the sudden increase in the power or in visual acuity comes as a great surprise. 
Not infrequently, however, the symptoms are temporarily aggravated on 
breathing normal air. 

The symptoms of severe anoxia may resemble those resulting from an 
overdose of alcohol : headache, depression, apathy and drowsiness, or excite- 
ment and general loss of self-control. The subject will sing and shout, or 
burst into tears for no apparent reason. He may be extremely quarrelsome or 
insolent. If in any danger, he may refuse to take such measures as are 
obviously essential for his safety. He f^ls quite confident that his min d 
is clear and that his judgment is sound, in spite of his dangerous behaviour. 
Memory is impaired, and appreciation of time is altered. He may think 
he has gone quite a long way when he has only stumbled a few jhtas. 

The effects of acute severe anoxia are well brought out in the foQowing 
record.^ At 2.53 a.m. one November morning an American aviator (L.) 
took off into the darkness for the usual weather flight (“ Dawn Patrol *’). 
It was customary to climb to 16, (XX) feet, levelling off every 1500 feet for 
a short period. Owing to some instrumental fault he really climbed 2 feet 
for every one read on the altimeter. The flight proceeded normally to an 
altitude of ** 8000 ” feet (actually 16,000), when L. began to feel weak, 
dizxy, and slightly confused ; there was respiratory distrM and a sense of 
oppression in the chest ; his flying co-ordination was also imperfect. He 
suspected he might be in need of oxygen, but as he had never used oxygen 
at lower altitudes than 12,000 feet and his altitude was only “ 8000 ” feet, 
he thought that could not be the trouble. He was maintaining wireless 
contact with the ground, but at this stage could not And the proper words 
to use. All this did not alarm him in the least. Though weak and be- 
wildered he began to ascend farther ; in the meantime he dropped his micro- 
phone. He fumbled all over the cockpit in the dark searching for it, but 
did not think of turning on the light. After five minutes’ fnmtio sear^ he 
gave up the hunt ; the microphone was subsequently found lying on his lap. 
By this time he had reached “ 10,000 ” (actually 20,000) feet ; the plane 
now went into a spin. Not the least disturbed, he climb^ again, fell once 
more into a spin, and repeated the performance several times. None of 
these experiences alarmed him but merely increased his determinatiQn to 
reach his objective of “ 16,000 ” feet. Breathing was now difficult and 
accompanied by a sense of suffocation ; muscular co-ordination was defectiTe 
and there was considerable emotional upset. He was angry and poasesaed 
of an acute sense of failure : other pilots could reach I6,ODO feet without 
difficulty and here he was unable to attain 12,500 ” feet without a 
Grim determinatioii drove him to spend over an hour climbing and s p i n ni ng ; 
&om anger and shame tears were streaming down his face almost all the 
time. All sense of fear or of passage of time was gone ; vision became 
limited to the nose of the plane and the instrument panel ; fl^iBg be c am e 
semi-automatic. He was fighring mad till he became so toed that he 
^ Loedham, J, Avietum ifid., 1938, 9, idO. 
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began to pass out.” After being an hour in this twilight state he woke up 
in a fall throttle dive towards the ground. The improved oxygen supply 
brought him once more to his senses at “ 4000 feet and he began to chmb 
again, though he only had enough petrol in the emergency tank for 15 
minutes’ use. At about this time (at the lower altitude) he became more 
fuliv conscious, and a realization of what had been happening dawned on 
him. After alighting, he noted fatigue, poor appetite, tremor, and loss of 
confidence ; but he was quite normal again after 24 hours. 

In anoxic states understanding is impaired more than sensation ; the 
subject sees without knowing what he is looking at. He finds it difficult to 
understand printed or written words. Pain is dulled : a miner poisoned with 
CO gas readily bums himself with his lamp. Finally, each sense is lost 
suddenly, hearing being retained longest. There is great muscular weakness 
and easy fatiguability. Progress is made with extreme slowness. The 
mountaineer may thi nk twice before turning over in bed,” Sudden paralyses 
of lower or upper limbs may occur. 

Very trifling changes in the environment may make a great difference to 
the aff^ted person. The importance of attending to the minuti© of nursing 
comfort in the case of anoxic patients is obvious. 

Acute anoxia occurs clinically in some cases following pneumonectomy. 
The patient becomes disorientated and does not know where he is; he 
climbs out of bed and may become violent or quite unmanageable. 

2. Digestion. — There is nausea, loss of appetite, and vomiting. At 
26,700 feet, the members of the Everest expedition could with difficulty 
bring themselves to eat meat at all. Chocolates and biscuits were consumed 
as a duty, and only soup and coffee were taken with relish. (On the mountain- 
side, great thirst was a striking feature owing to dryness of the mouth and 
throat resulting from the marked loss of fluid from the respiratory passages 
in the dry cold air.) 

3. CiBCULATiON. — ^There is at first an increase in the frequency of the 
heart and probably in the minute output. A small rise of blood pressure may 
occur.^ These results are due to anoxia acting (mainly reflexly) on the 
vasomotor and cardiac centres in the medulla. The blood flow to the 
splanchnic area and skin is reduced and more blood is diverted to the brain 
and the heart muscle. Later, the force of the heart dies down, though the 
frequency may increase farther. In the Everest expedition the pulse rate 
during motion was 160-180 per minute, or even more, of good volume and 
regular. All the men who went above 27,000 feet developed dilated hearts, 
which returned to normal at lower altitudes in 1 to 3 weeks. Owing to the 
imperfect oxygenation of the blood, cyatiosis develops (for full discussion see 
p. 452), The mucous membranes may appear black or leaden grey according 
to the amount of blood in the capillaries. 

4. Respiration. — The effects on the breathing have already been fully 
considered (p. 398). The breathing is increased in rate, but tends at first 
to be shallow and periodic in character. 

5. Delayed Effects. — Beside the im m ediate results of anoxia, numerous 
delayed effects appear, depending on the length and severity of the exposure. 
An inspector of mmes who had been in an anoxic atmosphere, on returning 
to the surface, first shook hands cordially with aU the bystanders. The 

* CC p. 273, p. 310, and Fig. 243 for efibeta of acute anoxia on the circnlation. 
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doctor offered him his arm ; he regarded this as an insult, and there and 
then took off his coat and challenged him to fight. Mountain sickness with 
typical nausea, vomiting and depression, may ensue 8-12 hours after the 
exposure, perhaps even after the descent. A slight degree of oxygen lack 
may therefore act insidiously and only reveal its effects after a long latent 
period. This conclusion is of importance when we consider that mild anoxia 
is fairly common clinically, following prolonged exposure to severe oxygen 
lack, very formidable after-effects occur. Anoxia “ not only stops" the 
machine but wrecks the machinery ” (Haldane). 

In CO poisoning, consciousness may not be regained for many hours after 
the condition of the blood has been restored to normal ; or coma may ^rsist 
and pass into death. Convulsions may occur at intervals owing to injury 
to nervous elements, and paralyses of various sorts may foUow. The mental 
condition may be temporarily impaired or the subject may pass into a state of 
dementia. Pneumonia may set in after a day or two ; this complication is an 
index of the generally precarious condition of the whole body. 

6. Acclimatization. — Given a slow onset of anoxia and favourable 
circumstances, the various compensatory activities of the body are brought 
into play. At moderate heights, the early unpleasant symptoms may pass 
away completely. At Pike’s Peak (14,100 feet), the general discomfort, the 
fatigue, and the periodic breathing passed off in 10 days, and all the subjects 
felt and looked extremely weU. Similarly, m the anoxia of disease we may 
expect to find the symptoms masked for a long time, only to be strikingly 
displayed when compensation breaks down. 

Acclimatization is effected as follows : 

(i) The hidney excretes urine of an alkaline reaction and with a low 
content ; the alkalasmia is thus effectively compensated. 

(ii) The pulmonary vetUilation is consequently permitted to proceed at a 
sufficient level to maintain a much higher alveolar oxygen tension than 
otherwise would have been the case. 

(iii) The red bone marrow is stimulated by the chronic anoxia : red ceils 
are formed and turned out into the circulation in increased numbers ; the 
reticulocyte count (i.e. the proportion of young red cells) rises. The red 
cell count and the haemoglobin concentration rise (the latter may go up to 
115-150% on the Haldane scale (p. 175)) ; the oxygen-carrying capacity of 
each c.c, of blood is thus increased. 

The changes during acclimatization in pulmonary ventilation, alveolar 
COj tension, and haemoglobin concentration are shown in the Table below. 
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Probleins of High Altitude Flying.^— At great heights oxygen must be 
provided or pressurised cabins used. 

(1) Oxygen is supplied from cylinders of liquid oxygen equipped with 
means for converting the oxygen into the gaseous form. A face-piece is 
fixed over the mouth and nose, through wMch a current of oxygen flows 
constantly ; about half the oxygen dehvered in this way is wasted because 
it reaches the face-piece during expiration, but the method has the advantage 
of simplicity of apparatus. Donati, for example, attained by this means a 
height of 47,358 feet. At 45, (XK) feet the barometric pressure is 110 mm. Hg 
(Fig. 244 j ; this must also represent the total pressure of the alveolar air. Of 
thk pressure in the alveoli water vapour represents 47 mm. Hg and CO 2 , say 
40 mm. The residual pressure, 23 mm. Hg, is all that is available for alveolar 
oxygen pressure, when pure oxygen i$ breathed. Actually the anoxia 
stimulates respiration and decreases the CO 2 pressure (the inevitable result of 
hyperpnoea at rest) ; this allows a corresponding increase in the oxygen 
pressure, possibly to about 40 mm. Hg. At such a pressure consciousness 
would be retained by a person in good training. If the barometric pressure 
was 130 mm. there would be little danger so long as pure oxygen was breathed, 
but 110 mm, seems to be the lowest tolerable barometric pressure, using the 
type of apparatus described above. 

(2J To ascend to greater heights and for civilian flying where oxygen 
inhalation is inconvenient, an air-tight cabin is used which contains air of 
normal composition, kept at normal barometric pressure irrespective of the 
height attained.^ 

Types of Anoxia.®-— Four types of anoxia may be recognised : 

(1) Anoxic type : the tension of oxygen in the arterial blood is lower than 
normal, and consequently the haemoglobin is not saturated with oxygen to the 
normal extent. 

(2) Anmrnic type ; the oxygen tension in the arterial blood is normal, but 
the quantity of functioning hoenioglobin is too small. 

(3} Stagnant type: the arterial blood is normal in oxygen tension and 
oxygen content, but it is supplied to the tissues in insufficierU amounts because 
of a decrease in the blood flow. 

(4) Eistotcxic type : the tissue cells are poisoned and cannot make effective 
use of the oxygen supplied to them. 

We may now discuss each form more fully. 

1. Anoxic Type. — This very serious form of anoxia occurs character- 
istically at high altitudes. The tension of oxygen in the alveolar air is too 
low ; the tension and content of oxygen in the arterial blood are consequently 
lowered too. 

When the oxygen tension in the blood falls, breathing is stimulated and 
consequently (as adready explained) excessive amounts of CO 2 are washed out 
from the blood. As a result oxyhaemoglobin tends to retain its oxygen 
iFig. 249), and so the tissues are starved of oxygen independently of 

^ Fnltoa, AviaHon Medidm in its Preventive Aspects, London, 1948. lyy. Fed. Proc., 
1^16, S, 319. For effects of acceleration in relation to aviation see Wood et al.. Fed. Proc., 
1946, 327. 

* Fat daagers of decompression sickness at high altitudes see p. 426. 

* -Msyfl CSMEipbell, and Boulton, Oxygen and Carbon Dioxide Therapy, London, 1934. 

Banush, Therapy, Phiia., 1944. 
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the amount present in the blood. The velocity of the oxidative processes 
seems to^depend to some extent on the ^pressure head at which oxygen is 
supplied. 

The tissues, therefore, are hampered in three ways : 

(а) The tension of oxygen in the blood is low, and so the rate of tissue 
oxidation is diminished. 

(б) There is less oxygen present in the blood, so that any activity 
demanding a large oxygen consumption is impossible. 

(c) The oxygen which is present in the blood is not readily available to 
the tissues, owing to the low COg tension hampering the dissociation of 
oxyhsemoglobin. 

Barcroffc illustrated this very well in his experiment in a respiration 
chamber where he was exposed to low oxygen tensions. Xonnally, his 
oxygen capacity was 17^8 c.c.%, the haemoglobin 96% saturated, and the 
oxygen content of the arterial blood was 16*9 c.c.%. At low oxygen tensions 
his haemoglobin became only 84% saturated, but as his haemoglobin concen- 
tration rose, his 0^ capacity went up to 20*1 c.o.% ; his artenal 0* content 
was therefore stiU 16-9 c.c.%. Although the volume of oxygen present in 
his arterial blood was the same as normal, severe symptoms were present 
in the respiration chamber (headache, vomiting), because the oxygen tension 
was subnormal. 

Clinical Causes of Anoxic Anoxia. — (1) Alteration of the Alveolar 
Epithelium. — If the walls of the alveoli are swollen and cedematous, or 
covered by a layer of fibrinous exudate, diJBPusion of oxygen into the blood can- 
not readily occur. The arterial blood does not attain the same oxygen tension 
as the alveolar air and is therefore undersaturated. This is well seen as a 
result of poisoning with irritant war gases. The alveoli become sodden with 
fluid, and cyanosis is present in spite of deep breathing. Administration of 
oxygen improves the colour and the general condition of the patient, because 
at tie higher alveolar oxygen tension the gas diffuses more rapidly into the 
blood. In heart failure with oedema of the lungs, anoxia is caused in the same 
way. 

(2) Partially Unventilated Areas of Lung. — (i) Shallow Breathing. 
— Keith suggests that the various regions of the lungs do not open out equally 
and simultaneously during inspiration, but part by part, “ like a lady’s fan.” 
The alveoli nearest the moving parts of the chest wall and the diaphragm 
expand first, and to the greatest extent ; the other regions follow suit later, 
and to a less extent. In shallow rapid breathing certain parts of the lu^s 
are well opened up, and because of the frequency of the breathing receive 
more than their normal amount of fresh air. The alveolar COj% in these 
regions falls, and consequently a greater amount of CO* is washed out from 
the blood. Similarly, the oxygen in these alveoli mav rise to 16 or IS^i, but 
this is of practically no value to the blood. As arterial blood is 95% saturated 
at tibe usual alveolar oxygen tension, it takes up a negligible additional amount 
of oxygen if the pressure is raised. Many parts of the lung, however, are 
considerably underventilated, as the breathing is not deep enough or prolonged 
enough for them to be opened up. ^ Less CO, is ^ven off in these areas ; 
because of the low oxygen tension in these alveoli, the blood leaves them 
considerably undersatuiated with oxygen. If the Midi alveolar ventilation 
is normal, the CO, is eliminated in adequate amounta; but not enough 
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additiouai oxygeu la taken up in the overventiiated alveoh to compensate for 
the incomplete saturation wJbdch occurs in the underventilated alveoli. As a 
result, the blood which leaves the lungs is deficient in oxygen. 

In bronchopneumonia and asthma small patches oi collapse occur and 
the blood leaving them is underarteiialized. 

(ii) Lobae Pa'eumonia.^ — in this disease a number of factors contribute 
to the development of anoxic anoxia, 

(aj ^Shallow breathing, — ^Anoxia may be present from toxic depression of 
the respiratory centre causing shallow breathing. The depth of the breathing 
is also restrained by the pain due to the associated pleurisy. The breathing 
mav perhaps be reflexlu accelerated by abnormal afferent impulses from the 
affected lung. 

(bj Uncsrated areas of lung, — If the blood vessels supplying the con- 
solidated parts are obstructed, all the blood must pass through the functioning 
parts of the lung and is there arterialized. But if the blood vessels of the 
pneumonic area are jpalerd^ the blood circulates through this region unchanged 
and leaves it in just as venous a state as that in which it arrived. The 
arterial ** blood is then a mixture of oxygenated and unoxygenated 
blood. 

(c) Altered alveolar permeability , — If cedenia of the lung is present, too, 
from heart failure, the condition is still further aggravated. 

(iii) Collapse of Ll^g. — I f part of a lung is collapsed, the production 
of anoxia depends on the persistence of the local pulmonary blood flow 
together with the absence of local aeration. This most commonly occurs 
in collapse due to bronchial obstruction, e,g, owing to inhalation of a plug 
of mucus following an anaesthetic ; the affected lobe or segment collapses 
as the air is absorbed distal to the block. Anoxia is much less co m mon in 
cases of extrinsic ” collapse, e,g, hydro- or pneumothorax, because the com- 
pression is generally not sufficient to occlude the alveoli. More rarely the 
absence of anoxia is due to compression occluding both the lung capillaries 
and the aiveolL** 

(iv) The results of emphysema^ tracheal and branchial stenosis, are con- 
sidered on pp- 454, 457-459. 

(3) Abxoemalities of Heabt and Blood Vessels.^ — I n certain forms 
of congenital heart disease, especially in the condition known as Fallot's 
tetralogy, a proportion of the venous blood is shunted directly through the 
Heart into the arterial side of the circulation (p. 452) ; as a result, part of the 
blood reaching the systemic arteries has never passed through the lungs at 
all, and anoxia is present. Here again the “ arterial ” blood is a mixture of 
oxygenated and unoxygenated blood. The degree of anoxia depends on the 
magnitude of the shunt. 

2. Anaemic Type. — This is less serious in its effects than the anoxic 
form. As the oxygen tension in the blood is normal, the rate of tissue oxida- 
tion is maintained at its usual level No increase in the pulmonary ventilation 
occurs at first ; i.e, the breathing does not respond readily to a decrease in 
the volume of oxygen in the arterial blood, so long as the appropriate tension 
is maintained. At rest, the prejudicial effect on the tissues is relatively 

^ Londsgaard, Medicine, 1925, 4, 345. 

* Bjork and Salen, tAoroc. Hurg,, 1950, 20, 933. 

* Bringmetak •/. din, Investig,, 1941, 20, 705, 
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slight. Of the 19 c.c. of oxygen normally present in arterial blood, only 5 c.e* 
are used up under resting conditions. As a person with 50' ^ Lienio^l jlln 
carries 9*5 c.c. oxygen per 1<J<3 c.c. blood, his resting requirements are readllv 
satisfied. But his capacity to do work is greatly diminished because be has 
not the normal reserves of oxygen in the blood to call upon. (The aiio.xia of 
haemorrhage is described on p. 81.) 

(i) Lack of Hjemoglobin. — In severe amemias fp. 196), the total bitmo- 
globin content is diminished, and the venous blood is very reduced. In 
exercise, the chief method which is available in these subjects for increasing 
the oxygen supplies to the tissues is to increase the cardiac output. Accelera- 
tion of the pulse occurs with slight exertion. 

(ii) Altered Haemoglobin. — In poisoning with the nitrik^^ nitric-oxide- 
haemoglobin and some methaemoglobin are formed. With large doses of 
chlorates or sulphonamide derivatives, methaemoglobin is formed; marked 
cyanosis may be present, owing to the presence in the blood of this coffee- 
coloured compound. The patient may, however, feel well so long as enough 
normally functioning haemoglobin (f.e. capable of transporting oxygen] is 
available, because the arterial oxygen tension is normal.^ (of. p. 451.) 

(iii) Carbon Monoxide Poisoning. — This condition needs special con- 
sideration. It is a method commonly employed by intending suicides, and 
occurs accidentally from escapes of lighting gas, fires, and underground 
explosions. 

CO acta by displacing oxygen from its combination with haemoglobin, 
forming a comparatively stable compound which is useless for gas-canying 
purposes ; CO is so poisonous because we are dependent on functioning haemo- 
globin for oxygen transport. A cockroach, winch has no hsemoglobin in its 
blood, can be kept aMve in an atmosphere containing SO'^o CO and 20’^ q Og. 
If a mouse is placed in a glass vessel and exposed to two atmospheres pressure 
of oxygen and one atmosphere of CO, almost all the haemoglobin combines 
with CO, and yet the mouse remains normal while at rest, and only seems to 
tire easily when climbing up the sides of the jar. At the oxygen pressure of 
the experiment, about 4*2 c.c. 0* are present in free solution in 1<X> c.c. of 
plasma ; this amount is sufficient to supply the resting requirements of the 
body.^ 

The ajfimty of carbon monoxide for hsemogiobin is about 300 times as 
great as that of oxygen ; e.g. if 14°o oxygen and 0*047*^o CO are present in 
the alveoli, the hsemoglobin of the blood shares itself out equally between the 
two gases. [Minute concentrations of CO, if constantly maintained in the 
alveoli, can thus produce grave effects.] The symptoms then present are 
very serious. The subject cannot walk any distance, and sometimes can 
scarcely rise from his chair without collapsing on to the ground. When over 
50% of the hsemoglobin is thrown out of action the slightest exertion may 
cause fainting. In fatal cases the saturation of the blood with CO is usually 
over 80°o» 60®o* symptoms of CO poisoning are clearly 

those of oxvgen lack. It is noteworthy that though dizziness, faintness, and 
mental disturbances are present because of the cerebral anoxia there is 

^ If an animal in this condition is kept in an atmosphere of oxygen for a sxtfBdently 
long period, the methaemoglobin grsdaaUy disappears &om the bloi^ and full recoTcry 
occurs. For discussion see KiQick, Phynci. 1940, 20, 313. 

* La much higher concentrations CO can directly arrest tissue oxidation, 

15 
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no appreciable increase in breathing and no air-hunger,” because the 
oxvgen tension in the blood is normal. 

it is important to consider why the symptoms are so severe when 50% 
of the hemoglobin is not functioning as a result of combination with CO, 
and why they are relatively so mild when the hsemoglobin is reduced to 
the same extent in ansemia. It is found that the presence of COHb alters 
the dissociation curve of the functioning hcemoglohin which is still present. 
The curve is shifted to the left and the S-shape disappears ; in other words, 
hcemoglobin will now only give off oxygen in useful amounts when the oxygen 
tension is very low. COHb thus 'prevents adequate amounts of oxygen being 
given off to the tissues, which accordingly suffer very seriously, (cf. Fig. 249.) 

If the patient is exposed to high pressures of oxygen (especially if COj 
is added to the inspired air to stimulate breathing), CO is progressively dis- 
placed from its union with haemoglobin by the mass action of the excess 
oxygen, and a normal state of the blood is gradually restored. 

3. Sta|;nant^ Type. — This occurs when the cardiac output and blood flow 
to the organs is diminished because of heart failure (p. impaired venous 
return, hoEmorrhage, or shock. The tension of oxygen in the blood is normal, 
hut the amount reaching the tissues is inadequate. The rate of tissue oxida- 
tion is normal, because oxygen is supplied at a high pressure head. As the 
blood circulates more slowly in the tissues there is more time available for 
reduction of oxy haemoglobin. Furthermore, the impaired circulation causes. 
CO 2 accumulation in the tissues which facilitates the giving-off of oxygen. 
Thus the tissues make the most effective use of what oxygen does reach "them 
in the blood. 

4, Histotoxic Type. — This occurs in poisoning with cyanide, which 
interferes with tissue oxidation, by paralysing cytochrome oxidase (p. 854), 
Narcotics also depress tissue oxidation by interfering with dehydrogenase 
systems (p. S54i. 

The following Table (from Van Slyke) shows the circumstances under 
which the different varieties of anoxia may lower the oxygen tension in the 
venous blood (and therefore presumably in the tissues) to the same level and 
so produce comparable effects on the tissues : 
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i This might be better termed Uchmmic type. 

» The of the hsemoglobin is bound with CO. The figure underlined in each case is 
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By cyanosis is meant a bine or bluish colour of the skim mueoas memlraLes. 
or the deeper organs. It may be general in distribution, but is usuallv 
more marked in certain regions ; it is most often localized in the hns. ncse, 
cheeks, ears, hands and feet. Cyanosis is due to a change in the character 
of the circulating blood, and so disappears if the blood is squeezed ^ from 
the part. 

The following average standards are assumed in the subsequent discussion : 

Normal arterial blood = 95% saturated with oxygen* 

19 c.c.% Og content. 

1 c.c.% Og unsa^ura^ion (A’. 

Og utilization by tissues =5 c.c.%. 

^lixed venous blood =70% saturated with oxygen. 

14 c.c.% Og content. 

6 c.c.^Q Og unsaiuration (V;. 

Cyanosis depends on the absolute amount of reduced hcemoglobin present in 
the blood (occasionally it is due to the preseiace of other dark haemoglobin 
derivatives, such as met- or sulph-haemoglobin, p. 454) ; the amount of 
oxygenated haemoglobin present is of little importance. The amount of 
reduced haemoglobin in blood can be expressed as volumes per cent, of oxygen 
unsaiuration, e,g. 1 g-% reduced Hb =1*34 c.c.^o Og unsatmation = c’c.% 

Og content. Average unsaturation in the capillary blood is taken as the mean of 

the arterial and venous unsaturation = ^ = 3*5 c.c.% (=16*5 c.c. 

Og content ^o). About 5 g-“o reduced Hh or 6*7 c.c.% Og unsaturarion is 
the least amount which must be present in the capillary blood to produce 
cyanosis ; but individual clinicians vary in the ease with which they recognize 
the presence of slight degrees of cyanosis. For the reason stated above an 
anaemic individual who has less than 5 g. Hb% cannot usually become 
cyanosed. 

The cyanotic colour is due to the blood in the mi?iute vessels, i.e. capillaries, 
and possibly in the artorioles and venules of the subpapillary plexus as welL*^ 

^ Luudsgaard and Van Slyke, Jledlcine, 1923, 2, 1. 

- Factobs modeetixq Cyanosis. — (i) Thickness of the epidermis, which itself has no 
vessels, (ii) Presence of normal or pathological pigments in the skin. <m) Variations in 
the colour of the plasma from varying concentration of lipoids, white cells in leukaemia 
or pigments, (iv) Variation in the concentration of oryhaemogiohm in the blood. <v^ 
Variation, in the number, width, and length of the blood-filled capillaries in a given area. 

These modifying factors cannot alone produce cyanosis. They can influence the 
amount of reduced hsemoglobin (Oj unsaturation) which is necessary to give the skin a 
perceptibly blue colour, and can modify the exact shade of colour produced. 

Factor (v) needs further consideration : (a) With the skin microscope, variations are 
noted in the denseness of the capillary network in different parts of the akin ; great 
variations are present in the capillary distribution in different individuals, ib^ The 
influence of temperature is important, \Vhen the surrounding atmosphere becomes colder 
the arterioles are constricted and the capillaries dilated. The blood flow becomes slow, 
and extensive reduction of the blood may take place (cf. p. 32$). iC|i An increase i rmous 
pressure tends to increase the number, width, and length of the blo^tl-filled capillaries, 
and the deeper vessels become visible ; the production of cyanosis is thus farilitated. 

Increase in the blood volume may have a similar effect. These facts would help to 
explain the ready production of cyanosis in polycifthcemia, in which there is an increased 
blood volume and possibly a hyperplastic condition of the capillaries as well. 
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Causes of Cyanosis.— It is obvious that the causes of anoxia and cyanosis 
must, to a large extent, overlap. The following classification (after Lunds- 

gaardandVanSlyke) may beused: 

1. All the blood ^passes through lung tissue Mcessible to air, but for various 
reasons oxygenation of the blood in the lungs is incomplete. 

This occurs in — (i) Low O 2 pressure in the alvcoh, cj], at high altitudes, 
breathing oxygen-poor mixtures, or from restricted pulmonary ventilation 
(from obstruction to the respiratory passages or from failure of the respiratory 

mechams^^g of alveolar wall and conseciuently diminished 

permeability to oxygen (“ pneumonosis ”). 

(iii) . Inefficient alveolar ventilation from shallow breathing, or in 
emphysema. 

If the arterial oxygen content falls to 16 c.c.%, cyanosis is present, 

A + V 


A=4c.c. ; V =9 ; 


:= 6*5 


which is the threshold for cyanosis. 

2. Presence of an mcerated shunt between the veins and arterm, 

(i) In certain forms of congenital heart disease {jinfra). 

(ii) Collapse or consolidation of part of a lung with persistence of the 
blood flow through the region. It can be calculated that if over oneAhird of 
the output of the heart is shunted from the venous to the arterial side without 
being aerated, cyanosis develops. 

Group 1 is relieved by the administration of oxygen, which raises the 
oxygen pressure in the alveoli and (in 1 (ii)) increases the rate of diffusion into 
the blood.i Group 2 (i) is completely unaffected by oxyg<ni therapy ; 2 (ii) can 
only be helped if the pulmonary collapse is not quite complete, in which 
case oxygen inhalation may enable some oxygen to get into the almost 
functionless areas. 

3. Greater reduction of oxyhcemoglohin in the tissues. 

(i) Local chilling of a part (within certain limits, p. 328), or rise of venous 
pressure which retards the circulation, will slow down the local rate of blood 
flow and so increase the reduction of the blood. 

(ii) Diminished blood flow to the tissues in heart failure is accompanied, as 
noted (p. 450), by high oxygen utilization in the tissues. Cyanosis may not 
be present at rest, but the increased oxygen consumption which accompanies 
activity may be sufficient to raise the reduced hemoglobin content to the 
required level. 

The oxygen consumption of the tissues must rise to 12 c.c. per 100 c.c. of 
blood flow (normal =5 c.c.), Le. to two and a half times the normal, before 
cyanosis can be produced by this factor alone. 

Certain clinical conditions will be more fully considered. 

(1) Congenital ^ Heart Disease.^— Some forms of congenital heart 
disease are not associated with cyanosis, e.g. patent ductus arteriosus (p. 383) 
or septal defects in which the flow is from the left side to the right side of the 
heart. In both these conditions the pulmonary blood flow is actually 

^ Inhalation of 100% O 2 in paiiente with chronic anoxia, e.g. emphysema, may lead 
to mental changes, coma, and death; the cerebrospinal fluid pressuro is high. The 
mech^m involved is obscure (Comrpe et al, J. Amer. mcd. Assoc., lObO, m, 1044). 

* Wood, Brit. med. J., 1950, ii. 639, 693. 
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increased and the venous blood is fully oxygenated in the lungs. In Goarctation 
of the aorta the obstruction is in the aortic arch and is, therefore, on the 
systemic side of the circulation ; in this condition cyanosis may develop from 
peripheral causes in the distal parts of the body which are inadequately 
supplied with blood. 

Cyanosis of central origin is present when there is a shunt from the venous 
to the arterial side of the circulation. This occurs most commonly in Fallows 
tetralogy (see below). Cyanosis is rare in simple pulmonary stenosis unless 
this anomaly is also associated with a shunt from the right to the left side 
of the heart. 

Peripheral factors may as usual increase the tendency to cyanosis, e,g. 
exercise, which raises the oxygen utilization in the capillaries, or external 
cold. 

Polycythsemia, i.e. an increase in the number of red cells per c.mm. to 
7 or 8 million, occurs when congenital heart disease is associated with chronic 
anoxia. As it increases the viscosity of the blood the rate of flow through 
the capillaries is slowed ; the capillaries are increased in width and number. 

Fcdlofs Tetralogy. — The abnormalities which constitute this syndrome are : 

(i) a small, narrow pulmonary artery ; (ii) a patent interventricular septum ; 
(iii) relative displacement of the ascending arch of the aorta to the right so 
that its mouth lies above the patent part of the interventricular septum ; 
it consequently receives blood from both ventricles ; (iv) the circulation is 
carried on mainly by the right ventricle which is greatly hypertrophied ; 
the left ventricle is atrophic. A considerable proportion of the right ventricular 
outflow is pumped directly into the aorta. The intensity of the cyanosis 
depends on the magnitude of this shunt of venous blood into the systemic 
circulation. Some of the patients are greatly helped by the following 
operation : one of the subclavian arteries is anastomosed to a suitable point 
on the pulmonary artery.^ An artificial patent ductus arteriosus is thus 
established whch diverts some of the partially oxygenated aortic blood 
through the lungs. The results in a successful case are as follows : (i) a 
fraction of the venous return continues to pass from the right ventricle into 
the lungs through the narrow pulmonary artery ; (ii) in addition some of the 
aortic blood (which is, in part, venous blood derived from the right ventricle) 
is oxygenated further ; this blood returns to the left heart and is again 
ejected into the aorta ; (iii) the oxygen content of the arterial blood reaching 
the tissues consequently rises, sometimes markedly. In one group of patients 
the average arterial oxygen saturation rose after the operation from 49% to 
76% (under non-basal conditions). The polycythsemia and the cyanosis 
decrease and the exercise tolerance is improved. 

(2) Miteal Lesions. — There is increased left auricular and pulmonary 
capillary pressure ; the resulting pulmonary oedema or swelling of the alveolar 
wall decreases oxygenation of blood in the lungs, 

(3) Hbaet Failukb. — When heart failure develops from any cape, 
cyanosis is common. (Edema of the lung, hydrothorax, shallow brephing, 
all result in under-arterialization of the blood in the lungs. The diminished 
blood flow to the tissues produces capillary stagnation, high oxygen 
utilization and greater reduction of the blood, and therefore cyanosis 
(cf. p. 450). 

1 Blalock, BvlL N.Y. Acad. Med., 1946, 22, 67. 
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(4) Tracheal and Bronchial Stenosis. — In these conditions a normal 
degree of contraction of the inspiratory muscles and enlargement of the 
thoracic cavity leads to a subnormal intake of tidal air past the obstruction 
into the alveoli. Greater respiratory efforts are consequently made ; but if 
the obstruction is sufficiently severe, even maximal respiratory efforts (pro- 
ducing great subjective distress) do not produce adequate alveolar ventilation. 
The alveolar Og tension falls because the rate of passage of Og from the lungs 
into the arterial blood is greater than the rate at which fresh supplies of Og 
are obtained &om the outside air. COg accumulation occurs for the same 
reasons. Asphyxia {i.e. Og lack plus COg excess) is thus present. In tracheal 
stenosis, arterial anoxia, dyspnoea, and cyanosis are often well marked ; in 
bronchial stenosis, however, cyanosis is uncommon. At least one-third of 
the blood must pass through the unserated channel (which means that at 
least two-thirds of one lung must be shut off as a result of bronchial obstruc- 
tion) before cyanosis can appear from this cause (cf. p. 452). 

(5) In Asthma there is deficient pulmonary ventilation from bronchiolar 
obstruction. In Bronchiolitis there is patchy collapse of parts of the lung. 
The cyanosis of Emphysema is often very marked. It is in part due to 
inadequate ventilation of those alveoli through which the pulmonary circula- 
tion passes ; there is therefore a lowered oxygen saturation of the arterial 
blood and resulting cyanosis which is more marked during exertion or after 
the development of heart failure (for full discussion see p. 459). 

In Lobar Pneumonia and (Edema op the Lung- there is arterial anoxia 
for reasons sufficiently explained (pp. 447, 448). 

Clinically, acute pneumothorax is not usually associated with cyanosis ; 
if the lung collapse is small cyanosis would not be expected ; if the lung 
collapse is severe, the vessels are usually occluded and the main symptoms 
are pain and dyspnoea which need urgent treatment. In chronic pneumothorax^ 
cyanosis occurs if the blood fiow in the affected lung is not paralleled by the 
local alveolar ventilation. The opposite lung is protected to some extent 
from the effects of the raised intrapleural pressure by the presence of 
pathologically iacreased rigidity of the mediastinal structures (p. 370). 

(6) Alteration in the Hemoglobin op the Blood. — (i) Methoemo- 
globincemia, — Certain drugs and poisons, e.g. chlorates or sulphonamides, 
lead to the formation of methcemoglobin, which gives the blood a dark colour 
(p. 174). Some of the coal-tar preparations — acetanilide, sulphonal, trional 
— ^produce a similar result. Methsemoglobinsemia may also occur as a 
congenital disorder of unknown origin. The administration of large doses 
of ascorbic acid {e.g. 300-600 mg. daily) in these patients may lead to the 
conversion of much of the methaemoglobin into oxyhsemoglobin. 

(ii) Sulph-hcemoglobincemia. — In this rare condition sulph-heemoglobin is 
formed, giving rise to cyanosis of a leaden hue. The pigment is wholly 
intracorpuscular ; its mode of formation is not yet clearly understood. It 
must be remembered that sulph-hsemoglobin is not formed in blood when 
excess of HgS is present in cases of poisoning with this substance. A strong 
reducing agent of unknown composition is present in the blood, urine, and 
saliva in sulph-hsemoglobinsemia. If the serum of these patients is added to 
whole blood, reduced hsemoglobin is soon formed. It has been shown that 
powerful reducing agents permit the formation of sulph-haemoglobin from 
oxyheemoglobin in the presence of minute traces of HaS. It is suggested that 
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fche reducing agent found in the blood of these patients allows the normal 
traces of HgS which are absorbed into the blood from the bowel to effect this 
conversion. A bacillus has been isolated from patients which bears some 
ill-understood relationship to the disease. It is readily recognizable, as it 
can disintegrate amino-acids to form nitrites nitroso bacillus ”). 


DYSPNOEA! 

Dyspnoea — Normally, breathing goes on without intruding on conscious- 
ness. Dyspnoea literally means difficult breathing. Meakins defines it as 
“ consciousness of the necessity for increased respiratory effort.’’ When the 
breathing enters consciousness unpleasantly and produces discomfort, it 
is called dyspnoea. This definition is not entirely satisfactory because it 
excludes the grave disturbances of breathing which may occur in unconscious 
subjects {e.g, in diabetic or ursemic coma). Hyper fncea simply means in- 
creased breathing ; for a time it does not impinge on consciousness, and- so 
represents a stage preceding the onset of dyspnoea. An ordinary person is not 
aware of any increase in the breathing until the pulmonary ventilation 
is doubled. Eeal discomfort develops when the ventilation is increased 
four- or fivefold ; this level of ventilation is called the dyspnoea point. 
Dyspnoea is not wholly a pathological phenomenon, for, as noted (p. 438), 
dyspnoea develops in normal subjects during strenuous exertion. 

The following factors require further consideration : — 

(1) Breathing- Reserve (BE). — The maximal breathing capacity (MBC) 
is the maximal voluntary pulmonary ventilation in L per minute, determined 
during a 15 sec. period. The pulmonary ventilation in L per minute at rest 
or under any other specified conditions is designated PV. The breathing 
reserne (BE) under the specified conditions is MBC— PV. The percentage 
breaching reserve (%BR) is (MBC— PV)/(MBC)X 100. It is also called the 
dyspnoeic index. If its value falls below 60% (range 60-70%) dyspnoea is 
generally present. The %BE may be lowered owing to a decrease in maximal 
breathing capacity (MBC) or a rise in pulmonary ventilation (PV). 

Example : Normal resting person, MBC=100 ; PV=8 ; %BE=92%. 
When owing to exertion PV increases to 40L per minute the %BE falls to 
60% and dyspnoea is present. 

(2) Vital Capacity. — ^A decrease in vital capacity decreases the maximal 
breathing capacity and thus the percentage breathing reserve ; it therefore 
predisposes to dyspnoea. As the depth of breathing approaches the vital 
capacity the sense of discomfort increases. 

(3) Mechanical Efficiency. — ^A person with a low mechanical efficiency 
uses more energy than a normal person to do a given amount of work : his 
O 2 consumption and pulmonary ventilation are correspondingly greater 
and he thus develops dyspnoea earlier. 

Pathological Dyspnoea. — The causes of dyspnoea may be classified as 
follows : 

1 Means, Medicine, 1924, 3, 309-416. Haldane and Priestley, Bespiraiion, new 
Oxford, 1935. Harrison, Failure of the Circvlation, 2nd edn., Baltimore, 1939 ; CShnstie, 
Quart. J. Med., 1938, 7, 115. Coumand et oZ., Medicine, 1948, 27, 243 ; 1949, 28, 1, 201, 
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1. From Increased Metabolism. — Patients with exophthalmic 

an abnormally high rate of metabolism at rest, and therefore their resting 
pulmonary ventilation may be 50-100% above normal, depending on the 
severity of the case. The vital capacity is reduced in this condition, and the 
mechanical efficiency is lower than normal, e.g, only 15%. No dyspnoea is 
present as a rule at rest ; but when doing work the patient is handicapped in 
several ways : (i) he commences with a high resting pulmonary ventilation ; 
(ii) being an inefficient machine, his ventilation increases very steeply, as he 
has to liberate an excessive amount of energy to perform any task ; (hi) owing 
to the low vital capacity, subjective symptoms arise when the hjrperpnoea is 
yet moderate ; (iv) in some cases heart failure is an additional factor to be 
considered (p. 380). 

2. From Metabolic Acidaemia (cf. p. 99). — (1) Some cases of nephritis 
show an acidaemia, owing to the failure of the kidney to excrete adequately 
acid radicals, chiefly phosphate. Breathing is therefore stimulated, and 
the ventilation may reach the dyspnoea point. The increased breathing helps 
to restore the normal blood reaction by washing out COg ; the COg tension 
in alveolar air and arterial blood is consequently very low. In one ursemic 
patient with a blood-urea concentration of 332 mg-% the pulmonary ventila- 
tion was 51 litres, the alveolar COg 64 mm. Hg, and the total COg content of 
the blood only 12 o.o.%. The administration of alkali in adequate amounts 
temporarily restores the normal pK of the blood and abolishes the hyperpncea 
or dyspnoea and the coma which may have been present. There is not, 
however, a constant ratio in nephritis between the degree of acidsemia and 
the pulmonary ventilation, as the sensitivity of the respiratory centre may be 
depressed by the disease (cf. pp. 76, 77). 

(2) Ingestion of substances which give rise to acids in the body, e.g, 
methyl alcohol (which is converted into formic acid) and ammonium 
chloride (which releases H+ ions) (p. 397), may produce dyspnoea. 

(3) Diabetes Mellitus, — In severe diabetes, acetoaoetic and j5-hydroxy- 
butyrio acids are formed in excessive amounts, pass into the blood and are 
neutralized by the plasma bicarbonate. Compensatory hyperpnoea develops 
which lowers the alveolar and arterial COg tension (p. 102). The breathing 
is slow and deep but easy, and the pulmonary ventilation is rarely increased 
fivefold, i.e. to the dyspnoea point. When the breathing is truly laboured 
the patient is usually comatose so that no '' subjective ” dyspnoea is present 
(cf. pp. 102, 925). 

3. From Oxygen Lack. — ^Anoxic stimulation of breathing has already 
been fully discussed (p. 398). Ancemic and stagnant anoxia (except severe 
haemorrhage) tend to produce little increase in breathing at rest as the oxygen 
tension in the arterial blood is normal. In the anoxic form the respiratory 
centre is stimulated reflexly by the subnormal oxygen tension in the blood ; 
and if adequate time is allowed for compensation to be established, the 
breathing may be very greatly increased (p. 400). 

4. From Mechanical and Nervous Hindrance to the Respiratory 
Movements. — In this group the main factor predisposing to dyspnoea is 
generally the decrease in maximal breathing capacity (MBC) and in vital 
capacity. In severe chronic pulmonary disease, MBC may fall to 20-30% 
of normal. Dyspnoea is brought on or aggravated when the pulmonary 
ventilation is increased from any cause. The fall in percentage breathing 
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reserve (p. 455) is well-correlated with the appearance and extent of the 
dyspnoea. 

(1) Bronchial Obstruction and other Conditions associated with Pulmonary 
Collapse or Consolidation. — (i) If one bronchus is blocked breathing is stimu- 
lated ; the degree of dyspnoea is directly related to the speed and completeness 
of the collapse of the lung. Experimentally, the hyperpnoea often disappears 
on cutting the vagus on the affected side, indicating that it was rejiexly 
produced. Anoxia may be an additional contributory factor (cf. pp. 448, 
454). 

(ii) In acute closed pneumothorax due to the introduction of a small volume 
of air into the pleural cavity, the respiratory rate is increased, but returns to 
normal after bilateral vagal section (Fig. 266). [In acute large open pneumo- 
thorax the respiratory changes are different (p. 368).] These observations 
suggest that in cLCute pulmonary collapse or consolidation from any cause an 
excitatory vagal reflex may be an important factor iu producing increased 
pulmonary ventilation, quite independently of any changes in the chemical 
composition of the arterial blood. 

(iii) In more chronic conditions associated with coUapse of the lung this 
vagal reflex effect may not be in evidence ; thus in cases of chronic closed 



Fxa. 266. — Reflex Effect of Closed Pneumothorax on Respiration. (After Harrison, 

Failure of the Circulation.) 

Dog. Record of respiration. Vagi Intact. 200 c.c. of air introduced into pleural cavity 13 minutes pre- 
viously. Note rapid shallow breathing. At arrow, cut both vagi. Breathing becomes slow and 
deep. The figures on the abscissa show the rate of breathing per minute. 

pneumothorax, for example, the breathing at rest is quite comfortable. In 
response to exercise or to excess of CO 2 in the inspired air, the breathing 
increases in a normal manner ; dyspnoea, however, is present when the 
ventilation has increased only threefold owing to the associated decrease 
in maximal breathing capacity. 

(2) Asthma . — In asthma, bronchial constriction is present which diminishes 
the vital capacity and prevents the easy passage of air into and (and even more) 
out of the lungs (p. 409). During an acute attack, the breathing capacity is so 
limited by the bronchial spasm, and the effort needed to displace air from the 
lungs is so great, that intense dyspnoea is present ; the onset of asphyxia 
stimulates the respiratory efforts still further. 

(3) Paralysis of Respiratory Muscles . — Paralysis of the diaphragm, for 
example, or interference with its action by great abdominal distension pro- 
duces respiratory embarrassment especially when it is of sudden occurrence. 
Here again the breathing capacity is diminished. In severe cases the asphyxial 
element comes into operation and soon becomes the dominating factor. 

15* 




458 


REFLEX DYSPNOEA 


(4) Obstruction to Main Air-way, — When the resistance is slight, the 
breathing becomes slower jtnd deeper. If the resistance is excessive and 
continues for a long time, the breathing ultimately becomes increasingly 
shallow and more frequent. The alveolar ventilation becomes inadequate in 
consequence, and arterial anoxia develops ; if the obstruction is still more 
severe COg retention also occurs. These points must be borne in mind when 
considering the effects of wearing a respirator. 

When the air-way is free, the hyperpnoea of exercise can be maintained 
for a long time, but when the breathing is obstructed, the fatigued ” respir- 
atory centre cannot keep up the hyperpnoea of work in the normal manner. 

(5) Effects of Disturbed Pulmonary Circulation, — (i) Multiple embolism 
of the pulmonary arterioles can be produced by intravenous injection of 
starch granules. With a moderate degree of embolism insufficient to produce 


L.Voyus cub R.Vagus cut 



Fig. 267. — Reflex Effect of Pulmonary Congestion on Respiration. (After Harrison, 
Failure of the Circulation, 2nd edn., 1939.) 

Dog, Record of respiration. Vagi intact. Pulmonary vessels congested by injecting fluid into pulmonary 
artery on one side after ligature of pulmonary vein. Note rapid shallow breathing. At first arrow, 
cut left vagus ; at second arrow, cut right vagus. Rate of breathing per minute is shown by figures 
on base line. Breathing becomes slower and deeper. 

death, there is a great increase in the frequency and a diminished depth of 
respiration to half or one- quarter normal. If the vagi are now divided slow 
respiration of normal depth develops. The nerve endings involved have not 
been identified but are probably vascular stretch receptors in the distal 
part of the pulmonary vascular bed.^ 

(ii) If engorgement of the vessels in one limg is produced by obstructing 
the pulmonary vein, breathing becomes much more rapid ; the effect is 
refiexly produced and is abolished by cutting the vagus nerve on the 
affected side (Fig. 267). Clinically, pulmonary congestion is associated with 
increased pulmonary ventilation, which is probably produced in the same 
way. 

In considering the production of dyspnoea in (1)— (5) above, the principles 
enunciated on p. 456 should be borne in mind. 

Suppose that owing to pulmonary disease or other cause the maximal 
breathing capacity is reduced to 50 L ; if the resting pulmonary ventilation 
is 8 L, the %BR is (50 — 8)/50x 100=84%, which is above the level for 
dyspnoea. If the pulmonary ventilation is increased by exertion, refiexly, 
or by chemical factors (Og lack, COg excess or asphyxia) to 15 L the %BE is 
(50— 15)/50x 100=60%, and dyspnoea is present. 

Suppose that the MBC is reduced to 30 L. An increase in the pulmonary 
ventilation to 12 L would lower the %BR to 60% and cause dyspnoea. If 
the MBC is reduced to 20 L, dyspnoea will be present at rest if the pulmonary 
ventilation is 8 L. 

1 Whitteridge, Physiol, liev,^ 1950, 475, 
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(6) Emphysema} — The disease is discussed for convenience at this point. 
The chief structural changes are as follows : The elastic framework of the 
alveoli is probably weakened. The walls of the air-sacs are stretched, thin, 
and ruptured at many points, resulting in the formation of large irregular 
spaces. Many pulmonary capillaries running in the walls of the most distended 
air-sacs are obliterated. The respiratory bronchioles are said to be dilated. 
Post-mortem the lungs do not collapse readily (because of their loss of 
elasticity) ; the free margins are thinned out and show large bulbous cavities. 

Clinically, important haemo-respiratory changes are noted : 

(i) The intrapleural pressure is more nearly atmospheric than normal, 
indicating lessened elastic recoil of the lungs (p. 368) and offering further 
evidence of damage to the pulmon- 
ary elastic tissue. 

(ii) Alterations take place in the 
subdivisions of the lung volume (Fig. 

268) : 

{a) The residual air is increased, 
mainly because the patient cannot 
empty his lungs by means of a full 
expiration as completely as normal. 

(b) The reserve air is decreased, 
but the resting lung volume at 
the end of a normal expiration 
(functional residual air) is generally 
increased. 

(c) The vital capacity is reduced. 

(ci) In a mild case the tidal air 

and the total pulmonary ventilation 
are fairly normal. 

The reduction of vital capacity 
will obviously impair the response 
to exercise and induce dyspnoea 
more readily. But as the resting 
pulmonary ventilation is about 
normal one would have expected that the gaseous composition of the blood 
would be normal ; this, however, is not the case (infra). 

(iii) (a) The arterial blood usually shows decreased saturation of the 
haemoglobin with oxygen, indicative of a lowered arterial Og pressure. In 
a mild case the saturation may fall to 90%, in an advanced case to 80% or 
less. Oxygen therapy may be dangerous (p. 452). 

(h) The COg content and pressure in the arterial blood are raised ; the 
latter may be 70-80 mm. Hg. 

(c) There is no evidence of decreased permeability of the alveolar epithelia 
to Og and COg. The impaired arterialization of the blood must presumably 
be due to ineffective ventilation of the alveoli. 

(d) The cardiac output (in the absence of heart failure) is unchanged and 
so the total pulmonary blood flow is undiminished. 

(e) But, as has already been mentioned, many capillaries are obliterated, 
especially in the walls of the more dilated air-sacs. Atmospheric air which 

^ Christie, Brit. med. J., 1944, i, 106. 
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Fig. 268. — Chart showing the Lung Volume 
and its Subdivisions in the Normal and 
in Emphysema. Cases are arranged from 
left to right in order of severity of the 
dyspnoea. (Christie, Brit. med. J., 1944, 
i, 105.) 
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readies non-vascular air-sacs is wasted as far as arterializing the blood is 
concerned. Only a fraction of the tidal air reaches vascularized functioning 
air-sacs, which are consequently inadequately ventilated in relation to their 
blood flow : the arterial blood is incompletely oxygenated and COg is retained. 
Inhalation of pure Og relieves the anoxia but does not relieve the COg reten- 
tion and may be dangerous (p. 452). There is thus a state of anoxic anoxia 
with increased liability to cyanosis (p* 454) and acidsemia due to COg 
retention ; both these conditions, especially the latter, tend to produce 
dyspnoea. 

(iv) During exertion, breathing is stimulated by increased COg formation 
and retention, and by an aggravation of the anoxia. As the vital capacity 
is reduced, a moderate degree of hyperpnoea produces considerable subjective 
discomfort, so that dyspnoea rea&ly develops. If cardiac failure occurs 
(because of the overwork of the right ventricle in overcoming the greater 
pulmonary resistance) the dyspnoea is aggravated. 

(7) Neurogenic Dyspnoea. — In certain organic diseases of the nervous 
system, especially if they involve the region of the hypothalamus (p. 716), 
deep or panting breathing at rest may be present, with the usual complications 
of overventilation at rest (Fig. 56). 

Shallow rapid breathing also occurs in neurasthenia and other functional 
nervous disorders. 

6. Cardiac Dyspnoea.^ — In mild cases of circulatory failure, dyspnoea only 
develops with muscular effort, but effort of an order which would not cause 
distress in a normal person. When failure is more marked dyspnoea also 
occurs at rest, (i) It may occur when the patient is lying down, but not 
when he is sitting up (prihopnoea). (ii) It may be absent or mild in the morning, 
develops gradually during the day and becomes worse in the evening 
{evening dyspnoea), (iii) It may consist of paroxysms of dyspnoea, waking 
the patient up at night {paroxysmal dyspnoea^ cardiac asthma), (iv) It may 
be periodic in character {Cheyne-Stolces respiration), (v) In extreme cases 
it may be present throughout the day, getting worse at night, and only 
relieved by opiates {continuous dyspnoea), (vi) Finally the dyspnoea may be 
aggravated by the development of pulmonary complications such as hydro- 
thorax, infarction or pneumonia. 

(1) Simple Cardiac Failure. — ^Let us assume that the primary disturb- 
ance affects the left ventricle^ e.g. because of aortic incompetence or hypertension. 
For a time the left ventricle responds to the extra load^ contracts more 
vigorously and maintains an efficient circulation. As the left ventricle fails 
it begins to dilate, i.e. a certain volume of residual blood remains in it at the 
end of systole. Tlds leads to interference with the emptying of the left auricle 
and a rise of pressure within it. If the primary disturbance is mitral stenosis, 
left auricular dilatation develops and as failure occurs, the pressure within 
it progressively rises. The venous return from the lungs is consequently 
hampered, leading to pulmonary congestion. This in turn diminishes the vital 
capacity and so lowers the dyspnoea point ; it also reflexly stimulates breath- 
ing (p. 458). Gradually the right ventricle fails because its work is increased 
owing to the greater pressure in the pulmonary circuit. This in turn leads to 
right ventricular dilatation, rise in right intraventricular pressure (Fig. 150), 

1 Fraser, Larxei, 1927, i, 429 et seq. Christie, Quart. J. Med., 1938, 7, 116. Harrison, 
Failure of the Circulation, 2nd edn., Baltimore, 1939, pp. 186-3i3. 
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interference with the emptying of the right auricle, rise of right intra-auricnlar 
pressure and then an increase of systemic venous 'pressure. This rise of venous 
pressure reflexly further stimulates respiration. 

The patient with a failing circulation thus tends to have a higher 
resting pulmonary ventilation owing to the reflex stimulation set up from 
the congested systemic veins and pulmonary vessels. In cases of heart 
disease in which an adequate circulation is maintained, the metabolic rate 
is normal; but when heart failure develops, the metabolism for some un- 
known reason is often raised by 25-50% above normal. This, of course, 
means that the pulmonary ventilation at rest must be correspondingly 
increased. 

Effects of Exertion. — During exertion the muscular movements reflexly 
stimulate breathing further ; the venous return increases, but as the heart 
cannot cope adequately with the increased load the venous and pulmonary 
congestion is intensified. As a result breathing is stimulated, not only hy the 
normal chemical changes in the blood produced by exercise, but reflexly also. 
Consequently, the increase in pulmonary ventilation for a given degree of 
work is greater than in a normal person, and the breathing returns to normal 
more slowly. 

If the exertion is more severe, all the factors enumerated above which 
stimulate breathing operate more powerfully. The heart is still more incom- 
petent to deal with the greater venous return and its output does not rise to 
the normal degree. The insufficient blood flow through the lungs leads to 
excessive GOq retention and an inadequate O 2 uptake. The resulting anoxia 
and COg accumulation further stimulate breathing. The blood flow to the 
active muscles does not increase in proportion to their needs, so that lactic 
acid accumulates progressively. It is also claimed that the buffering power 
of the muscles is depressed for some unknown reason so that a larger propor- 
tion of the lactic acid passes out into the blood, leading to acidosmia and 
further increase in breathing. Throughout it must be remembered that the 
dyspnoea point is lowered owing to diminished vital capacity, the mechanical 
efficiency is subnormal, and the dyspnoea index is lowered (p. 455). 

Some of these considerations are summarized in Eig 269. 

Other Gorktributory Factors. — The vital capacity and the breathing reserve 
are further diminished in heart disease by complications like hydrothorax. 
When the vital capacity is 70-90% of the normal, the patient is still able to 
do work, but dyspnoea develops on exertion ; when it is 40-70%, very little 
work can be done ; when it is below 40%, the patient is usually bedridden, 
with marked signs of cardiac insufficiency. 

If oedema of the lung develops or if emphpema is a complicating factor, 
anoxia of the anoxic type develops owing to imperfect saturation of venous 
blood with oxygen as it passes through the lungs. 

In some cases breathing is stimulated refle:dy by the various factors to 
such an extent that the alveolar and arterial COg tensions fall and alkalcemia 
of the arterial blood results (p. 101). In other cases impaired elimination 
of CO 2 may be the dominating factor with resulting acidsemia even at rest. 
Secondary renal failure may complicate the issue with further retention of 
non-volatile acids (p. 76). 

(2) Orthopncea. — In these patients it must be supposed that owing to 
venous and pulmonary engorgement and reduced vital capacity the breathing 
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Fig. 269. — ^Diagrammatic Representation of Causes of Cardiac Dyspnoea on Exertion. 
(Modified from Harrison, Failure ofiJie Circulation, 2nd. edn., Baltimore, 1939.) 
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is initially close to the abnormally low dyspnoea point. Under such circum- 
stances any factor further stimulating breathing induces actual dyspnoea. 
When the patient moves from the upright to the recumbent position there is 
a shift of blood from the abdomen to the thorax, with greater congestion of 
both the right auricle and the lungs ; the breathing is consequently further 
stimulated and the vital capacity is further reduced (perhaps by as much as 
25%) . In addition, the associated high position of the ^aphragm mechanically 
embarrasses breathing as a greater effort is now needed to move the enlarged 
liver and the other abdominal organs. Dyspnoea consequently develops 
rapidly in the recumbent position 
(orthopnoea). At a later stage 
dyspnoea may occur even in the 
sitting position. 

(3) Paroxysmal Dyspnoea. — 

The attack generally sets in at 
night ; the patient wakes up 
with a feeling of anxiety and 
oppression in the chest. He sits 
up, or even seeks the window for 
more air ; his heart is pounding, 
he starts to cough and soon he 
is suffocating and fighting for 
breath. The dyspnoea is very 
distressing ; the breathing is 
noisy and there may be bronchial 
spasm. There are signs of raised 
pressure in the pulmonary bed, 
e,g, palpable systolic pulsation 
over the right ventricular conus 
and pulmonary artery, succeeded 
by a distinct shock as the pul- 
monary valves close. The cough 
is unproductive at first, but soon becomes associated in severe attacks 
with a little frothy sputum, which is possibly blood-stained. In grave 
cases bubbling noises can be heard over the whole chest owing to the 
development of severe pulmonary oedema and there is a profuse expectoration 
of pink frothy fluid. 

The mechanism of production of the attack has been much discussed. It 
is usually associated with pulmonary congestion and raised pulmonary venous 
and capillary Hood pressure. In some patients the sequence of events may 
be as follows : The patient is the subject of some circulatory disorder that 
predisposes to the development of left ventricular failure and of dyspnoea 
[e,g. arterial hypertension, coronary artery disease or aortic disease). In 
such patients a short bout of voluntary coughing induces rapid breathing 
for some time (Fig. 270) which is attributed to pulmonary congestion. Even 
a voluntary deep breath may induce coughing and so give rise to an attack 
of dyspnoea. Severe coughing, by obstructing the venous return from the 
lungs, may lead to such intense pulmonary congestion that oedema of the 
lungs develops. The following explanation is offered for the frequency of 
occurrence of the attacks at night. One may suppose that at night, while the 



Patient with congestive heart failure. Record of breath- 
ing. Voluntary bout of coughing for 1 minute* 
This is followed by more rapid breathing. Pigures 
on abscissa represent rate of breathing per minute. 
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patient is asleep, a good deal of mucus may collect in the tracheo-bronchial 
tract especially in a somewhat bronchitic patient ; coughing develops, and 
the patient is woken up. The respiratory centre simultaneously “ awakes ” 
from its previous depressed state (cf. p. 405), its reflex excitability increases 
and the attack of coughing becomes more severe and induces pulmonary 
congestion and dyspnoea ; the attack may progress to pulmonary oedema. 
Any other factor developing at night which reflexly stimulates breathing 
may induce an attack. A dose of morphine depresses the respiratory centre 
and so prevents the onset of dyspnoea. 

In other cases the principal causal factor may be the actual development 
(for various reasons such as decreased coronary blood flow) of acute left 
ventricular failure, while the right ventricle for a time goes on functioning 
normally. The impaired efficiency of the left ventricle leads to congestion of 
the left auricle and consequently of the lungs, which is aggravated by the fact 
that the right ventricle initially discharges all the blood it receives in a normal 
way into the lungs. The congestion leads to reflex stimulation of breathing 
and pulmonary oedema ; the dyspnoea is aggravated by chemical changes in 
the blood resulting from bronchial spasm or pulmonary oedema (cf. p. 117). 

6. Cheyne-Stokes (Periodic) Breathing. — Periodic breathing occurs in 
a variety of disease conditions and is usually a symptom of considerable 
gravity ; it is probably not always produced in exactly the same way. 

(1) Experimentally, if the intracra/nial pressu/re is raised, no effect on 
respiration is observed till the pressure of the compressing fluid is almost 
equal to that in the carotid artery ; at this stage there may be an increase 
in depth and frequency of respiration. If the intracranial pressure is raised 
further, apnoea develops from intense anaemia of the respiratory centre ; this 
is often followed by periodic variations in both blood pressure and respiration. 
The sequence of events is probably as follows : medullary anaemia stimulates 
the vasomotor centre and the blood pressure gradually rises ; as the medul- 
lary blood supply is restored the respiratory centre revives and breathing 
restarts either as a few uniform breaths, as a dwindling series, or as a group 
of breaths which rise to a maximum and then dwindle. Owing to the im- 
proved local circulation, the stimulus to the vasomotor centre is decreased 
and the blood pressure falls once more ; with the return of medullary 
anaemia the breathing fails again. It will be noted that the respiratory 
centre succumbs rapidly to acute anaemia (p. 404) while the vasomotor 
centre, on the other hand, is for a long while stimulated to increased 
activity. 

This type of periodicity of blood pressure and breathing has been observed 
in clinical cases of raised intracranial pressure (e.^r/ cerebral tumour, haemor- 
rhage or abscess).^ 

(2) Periodic breathing may occur in urcemia (p. 77) and heart failure. 
In the former condition the respiratory centre is depressed by retained meta- 
bolic products, or disturbed acid-base balance. Owing to the feeble state of the 
centre, shallow breathing results, which in its turn, because of the uneven 
ventilation of the lungs, produces anoxia (p. 447), which gives rise to periodic 
breathing. First, there is an increase in the breathing which somewhat 
improves the oxygenation of the centre and washes out CO 2 excessively 
from the blood. This is followed in turn by dwindling of the breathing and 

1 Eyster, J, exp, Med,, 1908, 8, 565. 
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apnoea. During tins period COg reaccumulates and oxygen lack develops 
once more and the breathing resumes. 

The administration of oxygen to improve the nutrition of the centre, 
or of COg to act as a respiratory stimulant, abolishes the periods and estab- 
hshes regular breathing. Improvement of the cerebral circulation resulting 
from treating the cardiac failure produces more lasting benefit ; similarly, 
renal failure should be suitably treated. 


REGULATION OF BODY TEMPERATURE ^ 

The normal body temperature at rest is about 97-98® F. (36-37® C.). In 
health it is always kept fairly close to this level by maintaining a balance 
between heat gain and heat loss. 

Heat Gain. — Heat gain is due to (i) heat 'produced in the body and (ii) 
heat taken up under certain circumstances from the environment. 

(1) Heat Peoduotion.^ — As explained on p. 378, heat production under 
standard resting (basal) conditions is one Calorie per kg. of body weight per 
hour, or 37-40 Calories (depending on sex) per square metre per hour. This 
output works out at about 1700 Calories per day in an average man and 1500 
Calories in an average woman. Moderate physical activity increases heat 
production to a total of 2500-3000 Calories per day ; if very heavy work 
is done the total heat output may rise to 7000 Calories or mor 
Short bursts of extremely severe exercise may increase heat 
temporarily to 10-16 times the basal level. The “ specific heat 
is 1, ^.e. one (small) calorie raises the temperature of 1 g. of water by 1° C. The 
specific heat of physiological saline, and therefore of the body (which is 80% 
water) is also, approximately, 1. Therefore, if there were no heat loss, the 
temperature of the body under basal conditions would rise by 1® C. per hour, 
and under conditions of normal activity it would rise by 2® C. per hour. But 
so efficient are the mechanisms for bringing about heat loss that only when 
work is heavy or when the environmental conditions interfere with the heat 
loss mechanisms does the body temperature rise, well above the normal 
range. 

(2) Heat Gained feom the Envieonment. — The body can take in heat 
from objects hotter than itself : (i) by direct radiation from the sun or heated 
ground, or (ii) by reflected radiation from the sky. This type of heat intake is 
independent of the temperature of the air. The amount of heat gained by 
radiation can be reduced by wearing garments which reflect the radiations 
or by making use of any available shade. In the hot desert the body takes 
up more heat when naked than when covered by thin white clothes. 

When, however, the air temperature exceeds that of the skin, the body 
surface takes up in addition heat from its immediate surroundings ; this last 
sort of heat gain is a great burden to people living in hot climates. 

1 Dill, Life, Heat and Altitude, Cambridge, Mass., 1938. Adolph, Physiology of Man 
in the Desert, N.Y., 1947. Malohi and Harch, Physiol. Rev., 1947, 27, 200. Newton, 
Recent Advances in Physiology, 7th edn., London, 1949, p. 1. Newburgh (editor), Physiology 
of Heat Regulation and Science of Clothing, Phila., 1949. 

* Cf. footnote 1, p. 376. 
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Heat Loss. — Heat is lost from the body in several ways : 

(i) By radiation from the body to cooler objects at a distance. 

(ii) By conduction and convection to the surrounding atmosphere if its 
temperature is lower than that of the body (or rather, that of the skin). 
The air in immediate contact with the skin is warmed ; the heated molecules 
move away and cooler ones come in to take their place ; these in turn are 
warmed and so the process goes on. These air movements constitute con- 
vection currents. 

(iii) By evciporation of water. The essential fact to remember is that when 
1 g. of water is converted into water vapour, 0*58 Calorie of heat is needed 
and has to be taken up from the environment ; this heat is known as the 
latent heat of vajporization and is measured in Calories per gram. Thus 
when 1 kg. (approximately 1 litre) of water evaporates, 580 Calories are 
taken from the immediate surroundings. Evaporation of water takes place 
from the lungs, and from the skin. Evaforation of sweat is the principal 
means of heat loss when the body temperature tends to rise. 

The different methods and routes of heat loss are considered more fully 
below. 

(1) Radiation. — The magnitude of heat loss (or gain) by radiation 
depends on the size of the body surface and on the average temperature 
difference between the skin and the surrounding objects. The part played 
by radiation, as already indicated, varies widely with chmatic conditions. 
In a temperate climate, a resting person (wearing ordinary clothes) loses 
about 60% of his heat production by radiation ; if he is working, although 
heat production is increased, there is no significant increase in the absolute 
amount of heat lost by radiation because the skin and body temperature 
rises only slightly. (During work the percentage of the total heat loss which 
is due to radiation obviously becomes smaller.) 

(2) Lungs. — The expired air leaving the lungs is saturated with water 
vapour at body temperature ; this water is derived by vaporization from the 
moist mucous membranes of the respiratory passages. The amount of water 
vapour taken up depends on the initial state of the inspired air ; when dry it 
takes up a good deal but when saturated with water vapour it takes up none 
at all. On an average (for what such a figure is worth, considering the range of 
atmospheric conditions) the water loss from the lungs is about 300 c.c. per 
day, equivalent to a heat loss of nearly 200 Calories (i.e. 300x0*58 Calories). 

Some body heat is also lost via the lungs by raising the temperature of the 
inspired air to body temperature ; therefore an increase in pulmonary 
ventilation (especially when the air is dry and cool) increases heat loss. 

(3) Skin. — Heat loss from the skin occurs by : 

(i) Conduction-convection to a degree which varies with the temperature 
gradient between the skin and the surrounding atmosphere. Skin temperature 
varies directly with its blood flow ; the calibre of the skin vessels, especially 
those in the hands, feet, and face which are under intense vasomotor control 
can be nicely adjusted to varying body needs. External cold produces 
cutaneous vasoconstriction and consequently reduces ski-n blood flow and 
decreases heat loss ; external heat has the opposite effect (cf, p. 327 ; Fig. 

(ii) Evaporation of Water. Insensible Perspiration and Sweat. — Water is 
lost from the skin {a) by insensible perspiration ; (6) by sweating. 
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(a) Insensible Perspiration} — This consists of tte passage of water by 
diffusion tlirough the epidermis (it is called “ insensible ’’ because it cannot 
be seen or felt) ; the fluid lost is not formed by sweat glands. It amounts 
to 600-800 c.c. per 24 hours, equivalent to a heat loss by evaporation of about 
400 Calories. It is produced over the whole body surface at a fairly uniform 
rate and is largely independent of environmental conditions. 

(&) Sweating, — Because of its outstanding importance in temperature 
regulation this mode of heat (and water) loss requires detailed discussion. 

Sweat Glands. — There are two kinds of sweat glands in man. 

(i) Eccrine, which are distributed generally over the body surface and 

secrete a dilute solution containing sodium chloride, urea, and (in exercise) 
lactate. The NaCl concentration is variable, i.e. and depends on 

the level of corticoid activity, Bccrine glands are densest on the palms and soles, 
next dense on the head, and much less dense on the trunk and extremities. 

(ii) Apocrine — large glands found mainly in the axillae and round the 
nipples, and in the female in the labia majora and mons pubis. They form a 
secretion of variable composition and of characteristic odour.^ 

Secretion of Sweat.^ — The sweat glands are supplied by cholinergic 
fibres present in the sympathetic nerves (p. 481). Secretion is produced by 
direct or reflex stimulation of the centres in the spinal cord, medulla, hypo- 
thalamus or cerebral cortex. Sweat secretion is increased in the following 
conditions : 

(i) With rise of external or of body temperature ; this so-called thermal 
sweating is produced in two ways : {a) by the rise of body temperature directly 
affecting the brain centres, probably in the hypothalamus ; and (6) reflexly 
from the stimulated ‘‘ warm ” nerve endings in the skin. 

(ii) In emotional states {mental sweating) ; this type is limited as a rule 
to the palms, soles and axillae, though in extreme cases it may become more 
generalized. Mental sweating is due to impulses sent out from the higher 
centres. 

(hi) In exercise ; both thermal and mental factors play a part. 

(iv) Sweating also occurs (o) in nausea and vomiting ; (b) in “ motion 
sickness, for instance on ships or in aircraft ; (c) in asphyxia or anoxia, and 
(d) during normal sleep in children and adults. 

In cold environments sweat secretion may be negligible. 

The maximum rate of sweat secretion in one hour may be as high as 1*7 
litres ; 8-11 litres may be lost in 5-8 hours. More usually the 24-hour 
maximal secretion is 12 litres. In the dry, torrid heat of Boulder City, 
Nevada (maximal shade temperature 34°-38° C., humidity 6-30%), the sweat 

^ Newburgh and Johnston, Physiol, JRev., 1942, 22, 1. ^ 

^ Yas Kuno’s views on the functions of axillary sweat are interesting, even if they may 
fail to command general assent. The following is an undistorted summary of his writings. 
The axillary sweat smells most strongly and peculiarly and is “ superior in attractive 
power to the scent of the sexual organs or of any other parts of the body .” It has developed 
especially in man because owing to the erect posture scents from the sexual organs oi 
from any of the lower parts of the body are not usually perceptible. The axilla is advan- 
tageously placed, and so its scent can act more effectively. If it be true that axillary scent 
has an attraction for the other sex then the fact that it is suddenly discharged m emotional 
states becomes of great significance. The scented vapour would be retained in the axilla 
and be disseminated occasionally when the arms were moved, and would not be dissipated 
rapidly as elsewhere. (The phrasing in the above passage is mainly Kuno s.) 

* Kuno, Physiology of Human Perspiration, Loi don, 1 935. 



NORMAL TEMPERATURE FINDINGS 


469 


at half-minute intervals, it is foimd that a constant maTimnm reading is 
obtained only after three to four minutes in the mouth, and after a longer 
time, up to five or even seven minutes, in the axilla or groin (Fig. 271). The 
maximal temperature in the axilla is lower by 1° F. or more, t.hftn that in 
the mouth (or lower still in thin subjects) ; the maximal temperature in the 



Fig. 271. — Time taken to get a Constant Temperature Reading in 
Mouth, Groin, and Axilla. (Samson Wright.) 


groin approximates more closely to that in the mouth. Rectal temperature 
is about 0*5-0‘7° F., and the temperature in a stream of urine 0'3-0*5° F., 
above the maximal reading in the mouth. 

Effect of Local Conditions on Mouth Temperature— The mouth 
reading is affected by local conditions : 

(i) A misleadingly high reading is obtained (a) immediately after a hot 
drink {e,g, one or two cups of hot tea (Fig. 272)) when the temperature of the 
temporarily warmed mucous membrane of the mouth is being recorded (and 
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Pig. 272. — Effect of a Hot Drink (one or two cups of tea at 
150® P, drunk at point shown by arrow) on Mouth Temperature. 
Note the rise of mouth temperature to 101‘6-102-6® F. 


not that of the blood), or (6) after any meal because of the heat produced by 
the active muscles of mastication and the salivary glands. 

(ii) A misleadingly low reading is obtained : (a) after a cold drink (e.g. 
one, litre of ice-cold water (Fig. 273)) which cools the mucosa of the mouth, 
(6) if the nose is blocked, preventing the mouth from being closed ; ^ or (c) if 
sweat is evaporating rapidly from the skin of the face and so cooling it. 

Diurnal Variation — To obtain useful records of diurnal variation the 
subject is asked to determine his mouth temperature every hour throughout 
the day and night for 72 hours, taking the precautions called for from what 
was said above. ^ j -j 

The only way to get regular night readings is to have at the bedside an 
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alarm clock suitably set to wake tbe subject up at each successive hour. The 
value of the temperature readings is considerably enhanced if a careful note 
is made at the time of what the subject is doing, with special reference to 
work, food, sleep, room temperature, heart rate, and respiration. Illustrative 
records are set out in Figs. 274, 275, 276.^ 

Fig. 274 shows that the body temperature may fluctuate during the day 
between 99*2° and 96-2° F., Fig. 275 between 99-2° and 96*5° F., and Fig. 
271 between nearly 98° and 95° F. A diurnal variation of 3° F. may thus 
occur in any one normal person. The possible extent of the “ tolerated ” 
diurnal variation is not always fully appreciated, because it is very unusual 
to take records at frequent intervals during the night in normal persons, 




Fig. 273. — Effect of a Cold Drink on Mouth Tempera- 
ture. (Samson Wright.) 

In A the water was drunk as quickly as possible ; in B in 12 minutes. The 
mouth temperature fell to 95® and retixmed very slowly to normal. 


and it is commonly at the inconvenient hours of 2-6 a.m. that the minimum 
temperatures are observed. 

Fig. 27 6 shows a close correlation between mouth temperature and heart 
rate, confirming the well-known clinical dictum that the heart rate varies 
by 10 beats per minute for every 1° F. change in body temperature.^ 

The diurnal variation is fundamentally related to the rhythm of sleeping 
and waking (Fig. 276). The temperature falls progressively during the earlier 
hours of sleep, but begins to rise once more in the later hours. 

The normal temperature rise during the day is due to muscular activity 
and associated heat production. During sleep the temperature falls, partly 
because of bodily inactivity but also because of less perfect temperature 

^ Such experiments are of great value in teaching a student the extent of the range 
of the normal, in himself and his Mends, of several so-called “ physiological constants.” 
The student also learns to appreciate the fundamental difference between an average 
value and a normal range, a distinction which is of the utmost importance in many 
branches of physiology and medicine. 

® The curves also illustrate the wide range of the heart rate in a normal person even 
at rest ; the range at rest in this instance is from a so-called “ bradycardia ” (pulse rate 
of 60) to- a “ slight tachycardia ” (pulse rate of 90), according to the time of day and the 
associated body temperature. 
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AM P.M. AM. P.M. AM. P.M. 

Fig. 274. — Diurnal Variation of Body Temperature. 
(Samson Wrigkt.) 



P.M, A.M. PM. A.M. PM. A.M. 

Fig. 275. — Diurnal Variation of Body Temperature in Relation to External 
Temperature and Bodily Activities. (Samson Wright.) 



PM. A.M. P.M. .A.M. P.M. AM. 

FXG. 276.— Diurnal Variation of Body Temperature and 
Heart Rate. (Samson Wright.) 
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regulation. When a healthy man is kept in bed the normal type of diurnal 
temperature variation takes place, but the evening maximum is not so 
high. 

A reversal of the ordinary daily routine, e,g.^ on going on to night work, 
ultimately reverses the temperature curve. This does not occur during the 
first night, for at the hour of the usual minimum (e.^. 3-4 a.m.) there is an 
imperative desire to sleep. After a few days, acclimatization takes place and 
the sleepiness passes off. 

In the tropics the body temperature is about 1° F. above the normal 
range found in temperate zones. In nervous people, and especially in 
children, elevations of temperature occur for which there is no adequate 
explanation. 

Age. — The temperature in infants is irregular at first, but periodicity 
gradually sets in with the development of regular periods of activity and rest. 
Temperature regulation is imperfect : a fit of screaming causes a rise ; a 

cold bath may lower the tempera- 
ture by 7° F. In the aged the 
temperature is subnormal : the 
body is less active, the circulation 
‘I is feeble, and there is less power 
^*0 of compensation for changes in 
^ external temperature. Old people 
9° ^ are intolerant of extremes of ex- 
k ternal temperature. 

I Menstruation.— During men- 

^ struation the average tempera- 
ture is at a minimum. It rises 



WINUTES 

Fig. 277. — Effect of Moderate Exercise (a Sharp 
Walk of 16 minutes’ Duration) on Body 
Temperature and Heart Rate. (Samson 
Wright.) 


slightly during the next 14 days ; 
the waking temperature (recorded 
in bed) is said to show a dis- 
tinct rise at about the time of 
ovulation. 


Exercise. — Bodily activity greatly increases heat production ; only 
25% of the energy liberated by the chemical changes in muscle is converted 
into work, the balance being evolved as heat (cf. Fig. 265). The effect on 
body temperature depends on the extent to which heat loss can be increased 
to make up for heat production ; this in turn depends greatly on environ- 
mental conditions. After a three-mile race temperatures as high as 103®-* 
105® F. have been recorded in athletes. A sharp 15 minutes' walk may raise 
the temperature by 1® F, (Fig. 277). When four and six miles are covered 
in one hour’s walking the temperature may rise by 2® and 4® F. respectively. 
The transient pyrexia is unaccompanied by any ill-effects or feeling 
of discomfort and is in some ways helpful. It increases the breathing 
and pulse rate, and facilitates the dissociation of oxyhsemoglobin in the 
tissues.^ 


^ In patients with pulmonary tuberculosis exercise produces an excessive rise of 
temiprature, which is due in part to the work done, and in part to toxic absorption ; this 
fact is of value in dia^osis. An afebrile phthisical patient and a normal control were 
allowed to walk up a slight incline of 3f miles in 14 hour. The average rise of temperature 
(rectal) in the control was 10® F., and in the patient 1*6® P. 
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R6le of Nebvous System in Temperature Regulation.^— Temperature 
regulation is a higWy co-ordinated function depending fundamentally on tlie 
activity of the central nervous system. Two mechanisms are involved : 
(i) reflex ; (ii) central. 

(i) Stimulation of cutaneous temperature nerve endings reflexly sets up 
appropriate bodily responses, e.g, sweating, vasomotor changes. 

(ii) The temperature of the blood bathing the hypothalamus directly 
affects it and likewise sets up appropriate reactions ; thus warming the blood 
in the carotid artery and, more specifically, heating the region of the anterior 
hypothalamus, results in the manifestations of heat loss, e,g. cutaneous 
vasodilatation and sweating (cf, p. 474). An injury to the anterior hypo- 
thalamus in animals does not impair the normal reaction to external cold, 
but annuls the normal increase in heat loss which occurs in hot environments. 
An injury to the posterior hypothalamus likewise abolishes the responses to 
external heat because the descending fibres from the anterior hypothalamus 
are interrupted ; but in addition the response to cold is also abolished. 
The anterior hypothalamus is thus the centre for responses to rising 
temperatures and the posterior hypothalamus the centre for responses to 
falhng temperatures. 

The hypothalamus, because of its close connections with the thalamus, 
doubtless receives all the appropriate afferent nerve impulses ; on the efferent 
side it has access to both the somatic and the autonomic nervous systems and 
can thus modify muscular and glandular activity, cutaneous circulation, 
sweat secretion and pulmonary ventilation. 

After removal of the cerebrum in a dog, normal temperature regulation 
is preserved but is limited in range. The animal responds appropriately to 
external heat and cold, but cools down if left for a long time in a cold room. 
[In chnical lesions of the cerebral cortex changes in slSn temperature occur, 
cf. p. 671.] A midbrain preparation (i.e. with hypothalamus cut off) is cold- 
blooded (poikilothermic), i.e. it passively follows the temperature of its 
surroundings.^ 

Whenever the central nervous system is depressed, as by the action 
of anaesthetics, or grossly injured in essential regions by lesions like haemor- 
rhage, or if integral parts of the heat-regulating mechanisms are paralysed, 
e.g. the skeletal muscles by curare, the complex and delicately co-ordinated 
temperature-regulating function fails, and alteration of body temperature 
results. 

1 Ranson, Ees. Publ. Ass. nerv. ment. Dis., 1940, 20, 342. 

* As a result of injuries in man to the pons and medulla, a rise or fall of body temperature 
may result. The greater part of the body is paralysed and is cut off from the influence of 
the heat-regulating centres, and therefore follows passively the temperature of the sur- 
roundings. If the weather is warm, the room overheated, and the patient well wrapped 
up and surrounded with hot bottles, the temperature of the paralysed regions rises. 
No afferent impulses can pass up from this region to the centres at the base of the brain, 
nor can efferent impulses reach the affected muscles or blood vessels. The temperature 
of the whole body therefore rises. Similarly, if the paralysed regions are cooled, the 
general temperature falls. , j j 

The effects of sympathectomy on the temperature of the limb are described on p. 360. 
If the main nerves to the limb are cut, the temperature rises at first, owing to simultaneous 
section of the sympathetic constrictor fibres. Later on, the paralysed limb is colder 
owing to the decreased blood flow which results from the impairment of venous return 
owing to paralysis of the skeletal muscles ; the blood therefore tends to stagnate in the part. 
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Role of Ductless Glands. — O n cooling a dog, the metabolic rate increases 
by 7% before any indication of increased muscle activity sets in ; this is 
probably a measure of the extent to which the ductless glands help in the 
fine regulation ” of body temperature. 

Q 0-) Adrenal Medulla. — Ex- 

5 """ posure to external cold reflexly 

g 39 - " stimulates secretion of adrena^- 

' line which stimulates meta- 
^ "" tr holism and decreases heat loss 

^ 37 - «2S£SL^REST — “ (P- 

T-, ^ - (2) Adrenal Cortex. — See 

\ pp. 947 e^s6^. 

jlj ^2 - “ {3) Thyroid. — External 

^ 31 - pituitary thjnro- 
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2RM. 3P.M. 4P.M. Response to Heat. — (1) 


Fig. 278. — ^Effect of Violent Exercise on Heat Pro- 
duction and Heat Loss. (Hu Bois, Ann. int. 
Med., 1938, IZ.) 

Eecords are : rectal temperature, skin temperature, heat pro- 
duction in Calories per hour (continuous thick line) and 
heat loss by various channels. 

During the penod indicated by the thick black line, violent 
exercise (squash racquets) was carried out for 36 minutes. 
Heat loss is indicated by colunms divided from below 
upwards into radiation (clear), convection (stippled) and 
vaporization (oblique lines). 

Note the rise of rectal temperature, fall of skin temperature 
(due to sweating), and increased heat production (from 
60 to over 700 Calories per hour). The increased heat 
loss is due almost entirely to additional loss by vaporiza- 
tion (cf. Fig. 265). 


Effect of Exercise. — When 
more heat is produced as a 
result of physical exertion, 
there is a compensatory in- 
crease in heat loss. 

(i) The blood flow through 
the skin is greatly increased, 
leading to a rise of skin tem- 
perature, and therefore to a 
greater temperature gradient 
between the body surface and 
the environment. Heat loss 


^ The gland becomes intensely congested ; the amount of colloid decreases and loses 
its affinity for hsGmatoxylin ; the lining cells become columnar and the mitochondria 
enlarge and become more distinct. On exposure to an external temperature of 37® C. the 
gland passes into a “ resting ” state : the alveoli of the gland are distended with deeply 
staining colloid, and the mitochondria become indistinct. 
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by radiation only increases by 15 Calories per hour for each 1® C. rise of 
skin temperature. Total beat loss by conduction-convection and radiation, 
ttLOUgh. greater than at rest {e.g, rising from 75 to 150 Calories per hour) now 
constitutes only 20-30%, instead of 80% of the total heat loss from the body. 

(ii) The main heat loss in exercise is due to increased secretion and vapor- 
ization of sweat. These facts are weU brought out in Fig. 278. In this 
experiment, maximal heat production was at the rate of 700 Calories per 
hour ; heat loss also greatly increased but never exceeded 600 Calories per 
hour ; body temperature, therefore, rose temporarily (cf. also Fig. 265). 
Sweat secretion in exercise is partly “ thermal ” and partly “ mental ” in 
origin (cf. p. 467) ; it subsides slowly after the exercise is over. 

(2) Effect of a Hot Bath. — The subject gets into a hot bath and 



Fig. 279. — Effect of a Hot Bath on Body Temperature, Respiration, 
and Heart Rate. (Samson Wright.) 

stays in it for about five or six minutes ; observations are made while in the 
bath and after getting out of the bath until the control levels are regained. 
Fig. 279 shows that in a bath at 110° F. the mouth temperature may rise 
from about 97*8° F. to over 100*3° F.; the heart rate may increase from 
75 to 115 and the respiration rate from 12 to 28 per minute. Mouth 
temperature may subsequently take some 30 minutes to return to normal, 
though respiration and heart rate recover rather more rapidly. This 
experiment shows clearly the limitations of normal temperature regulation, 
and how it can break down quickly under conditions of stress. In a bath 
at 110° F. heat is being tahen up by the immersed parts of the body, and 
heat loss depends mainly on evaporation of sweat from the exposed parts of 
the body. As the atmosphere in the bathroom is very humid, evaporation 
of sweat is probably minimal. Body temperature is therefore raised by the 
heat released by metabolism as well as by the heat taken up from the sur- 
rounding medium. This experiment is of clinical interest in showing that 
the body temperature may be raised for a considerable time after a hot 
bath. 




476 


RESPONSE TO HEAT 


(3) Effects of Raised Atmospheric Temperature. — The main auto- 
matic compensatory reactions consist (as in exercise) of cutaneous vaso- 
dilatation and sweating ; adrenaline and thyroxine secretion are inhibited ; 
adrenal corticoid secretion is increased. If the external temperature is lower 
than body temperature, the increased blood flow through the skin leads to 
increased heat loss by conduction, convection, and radiation. If the external 
temperature exceeds body temperature, heat loss can only result from 
evaporation of sweat. Some of the changes are considered in detail below. 

(i) Sweating , — When the room 
temperature is raised slowly, e,g, 
from 26° to 41° C., there is a long 
latent period {e.g, 30 minutes) before, 
sweating sets in. Sweating usually 
commences quite suddenly and 
coincides with and is due to a rise 
of internal (rectal) temperature (act- 
ing centrally) and some rise of skin 
temperature (of the order of 1°~ 
1*5° C. (acting reflexly)). Sweating 
progressively increases in intensity 
and may continue to increase even 
when the room temperature dechnes ; 
the skin temperature may later fall 
owing to loss of heat produced by 
vaporization of sweat (Fig. 280). 
In hot weather sweating may be 
produced immediately on exposure 
to greater external heat. 

The importance of sweating in 
the response to heat is well illus- 
trated by the findings in a patient 
with congenital absence of sweat 
glands. In the winter his tempera- 
ture regulation was normal ; in the 
summer, however, it broke down. 
Thus in July and August his morn- 
mg temperatime was 97° F. and his evening temperature 102-6 F. ; pulse 
rate and respiration followed the temperature changes. The patient and a 
normal subject were exposed naked in a hot moist room for 30 minutes with 
the following results : 



Skin 

Temperature. 

Oral 

Temperature. 

Weight loss 
Skin and 
Lungs. 

Urine 

Volume. 

Normal atmosphere : Patient . 

Control . 

Hot moist atmosphere : Patient 
Control 

93*0® F. 
90*9® 

104® 

99-6® 1 

i 

98*4® F. 
98-4® 

101*4® 

98*6® 

22 g. 

262 

270 c.c. 
10 



MINUTES 

Fig. 280. — Sweat Secretion in Besponse to 
Raised External Temperature. (Kuno, 
Physiology of Human Perspiration, Lon- 
don, 1935.) 

Ordinate, left : temperature in ®C of rectum, sMn, and 
room ; ordinate, right : sweat secretion in mg. 
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The patient’s skin remained dry and velvety; he felt sick and ill and 
panted like a dog ” ; there was considerable diuresis ; pyrexia developed 
(the mouth temperature rose to 101*4:° F.). The control sweated profusely, 
passed very little urine, and maintained his normal body temperature. 

(ii) Changes in Blood and Circulation, — The large cutaneous blood flow 
leads to a decrease in diastolic pressure, an increase in venous return and 
an increase in cardiac output (p. 282). There is initially an increase in 
plasma volume. The effect on systolic pressure is variable depending on the 
extent to which the increased 
cardiac output compensates for 
the decreased peripheral resist- 
ance. The pulse rate always 
increases even if there is no 
significant pyrexia (cf. p. 282). 

The circulation under these 
conditions is adversely affected 
by standing. Normally, on pass- 
ing from the horizontal to the 
erect position the blood vessels in 
the legs are reflexly constricted 
to prevent accumulation of blood 
in the dependent parts, and to 
maintain an adequate blood 
supply to the brain ; but during 
heat exposure vascular tone is 
dominated by temperature re- 
quirements and the normal pos- 
tural adjustments do not occur. 

Thus, in hot environments, the 
subject {who is strapped to a 
hoard) soon faints if he is pas- 
sively tilted from the horizontal 
towards the erect position and 
kept there for some time ; in 
addition his pulse rate further 
increases (Fig. 282). 

(iii) Complicating Effects of 
Anhydrcemia and Salt Loss , — 

(a) There is further acceleration of the heart in the supine position {e,g, from 
92 to 135 (Fig. 281)). 

(b) The effects of posture are aggravated. Thus in Fig. 282, when 4% of 
the body weight had been lost (because of water loss) the .pulse rate in the 
supine position was 95 ; on standing up it rose to over 140. 

(c) Fainting in the vertical position occurs more rapidly, e.g. in 1*5 instead 
of 7*0 minutes (Fig. 281). 

(d) When the anhydrsemia is severe the plasma volume, the cardiac 
output, and the blood supply to the skin decrease ; as the cutaneous blood 
supply becomes inadequate, sweat secretion diminishes and may cease. 
With the main avenue of heat loss thus closed, body temperature rises 

explosively ” and the general condition becomes precarious. 



WATER LOSS AS % OF INITIAL V/EIGHT 


Fig. 281. — Relation between the Degree of 
Dehydration, the Pulse Rate in the Supine 
Position and the Fainting Time, when the 
Subject was passively tilted. (E. A. 
Adolph, Physiology of Man in the Desert, 
New York, 1947.) 

The subject was exposed to a high external tempera- 
ture and sweated profusely. Note the increase in 
pulse rate (determined in supine position) with 
increasing dehydration. 

Fainting Time : the subject, strapped to a tOt board, 
was held feet down in the vertical position until 
he lost consciousness ; the time taken is noted. 
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(iv) Heat Cramj)S,—li tlie Na+ and Cl' lost in the sweat are not made 
good, muscular cramps develop (p. 65). 

(v) Eyperpncea develops, the alveolar CO 2 falls and there is, consequently, 
an alkalsemia which is compensated for by the passage of an alkaline urine, 

and decreased NHg formation 
■ ~ by the kidney (Fig. 56). 

140 - jT - (vi) Heat Exhaustion . — 

/ This, is due to hyperpyrexia, 
.0 / to salt loss, and to dehydration 

, 30 -^ ^ W - 

§ § y (vii) Acclimatization . — 

^ § X Prolonged exposure to external 

^ J 20 /- '' exhaustion ” of 

sweat glands ; the volume 
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y with resulting better preserva- 
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I I I L_i crystalloid o.p.) of the 

0 12 3 4 extracellular fluids. This latter 


WATER LOSS AS % OF INITIAL WEIGHT 

Fig. 282. — ^Relation between Pulse Rate and 
Posture in a Man exposed to external heat in 
whom progressive Dehydration developed as 
a result of Profuse Sweating, (E. F. Adolph, 
Physiology of Man in the Desert, New York, 
1947.) 

Control values at room temperature of 70" F. 

Experimental values at room temperature of 120" F. 

Pulse rates lying were taken after 3 minutes in the supine 
position ; standing rates, 1 minute after standing up ; 
tilted rates, average of readings taken 1, 3, 5, 7, and 9 
minutes after being tilted (on a tilt board, feet downwards) 
at the angle indicated. 

Ifote the progressive increase in pulse rate with dehydration; 
note also that the pulse rates are higher as the subject 
passes from the horizontal to the vertical position. 


adaptation is due to increased 
secretion of the pituitary hor- 
mone ACTH which in turn 
causes a discharge of adrenal 
corticoids. The latter promote 
the reabsorption of Na+ and CT 
from the sweat back into the 
blood (cf. p. 945). 

Role of Clothing ^ and Wet- 
bulb Thermometer Level in Re- 
sponse to Heat . — About 20-30 
litres of air are entangled 
between the clothes. In hot 


weather the clothes retain 
moisture and the cooling effect of sweating is diminished. Evaporation takes 
place from the surface of the clothes and only affects the skin through a layer of 
damp undergarments. Opening the jacket, waistcoat, and shirt gives a feeling 
of greater comfort, and more moisture can evaporate from the skin surface. 

Haldane, attired in flannel drawers, canvas trousers, boots, and stockings, 
1 Buflton, Fed. Proc., 1946, 6, 344. 
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exposed Mmself to a liot humid atmosphere (high wet-bulb thermometer 
temperature). If the wet-bulb temperature was 85° F., the rectal tempera- 
ture remaiued normal when the subject was at rest in still air. If the wet- 
bulb rose above this level, the rectal temperature rose markedly. At 89-90° 
the rise of body temperature was 1-14° F. per hour ; at 94°, 2° per hour ; 
at 98°, 4° per hour. In moving air, e.g, with an air current of 50 metres per 
minute, a wet-bulb temperature of 93° F. could be borne without rise of internal 

temperature. If muscular work was opgs, — 

done in still air, the limit of wet-bulb 5^5 r 

temperature was still lower. ^ - 

Heat Stroke. — This syndrome ^ ^ 

develops in men who are working hard, 

unsuitably clothed, in hot environments. s 12 is 24 so 

The symptoms are due to hyperpyrexia, ^ __ , ^'nutes 

283.— Effect on Body Tempera- 
salt loss, and dehydration m varying ^ Bath at 56® F. 

proportions. As the external temperature ( 13 * 3 ® C.). (Samson Wright.) 

is bigh, heat cannot be lost by radiation 

and convection. If, in addition, the air is moist and still, evaporation cannot 
take place either, ^^en the heat-regulating mechanism breaks down, the body 
temperature begins to rise. A vicious circle is thus established with ever-rising 
body temperature and consequently increasing metabolism and increasing heat 
production; circulatory failure develops for the reasons already given (p. 477). 
Individual idiosyncrasy is important ; some men do not sweat readily — ^thehr 
skin is hot and burning, but quite dry. Severe and even permanent injury to 
the central nervous system may occur.^ 


^ The clinical picture of heat stroke is well illustrated by the following case record, 
mainly in the doctor’s own words : At 7 a.m. I [the doctor] was called to see a man aged 
20, who was admitted to hospital the night before complaining of nausea, vomiting, con- 
stipation, and lack of energy. He was not regarded as being seriously iU, though his tem- 
perature was said to be 101® F. ; this was attributed partly to the heat. At 6 a.m. the 
following day he was found unconscious by an orderly. When I saw him he was in deep 
coma, responding but slightly to painful stimuli, comeal reflexes absent, pupils moderately 
dilated and very sluggish to light, breathing somewhat stertorous and rapid, pulse not 
palpable, not even the carotid. Heart sounds were not heard, skin was cool, rather clammy 
but no beads of sweat to be seen, and restless purposeless movements. I was told the 
temperature was 102® F. taken in the axiUa. He seemed to me to be about to die. How- 
ever I took the temperature in the rectum and found it to be 108® F. This simplified the 
diagnosis and we got to work without delay, first half-covering him with broken ice as he 
lay in bed, then putting up an intravenous saline. The great saphenous vein when exposed 
was quite empty and did not bleed even a single drop fi:om either end. Two pints of normal 
saline were run in. After 45 minutes the rectal temperature was 104‘8® F., the radial pulse 
had returned, restlessness was much less, and the skin of the face, which was growing 
pink, was now warm, presumably owing to restoration of the peripheral circulation. 
Within another hour the rectal temperature was 100® F., the pulse diminished in rate and 
increased in volume. He was able to answer simple questions and with some difficulty to 
swallow sips of water. After a partial relapse, the patient dramatically improved and by 
next morning was comparatively normal. 

Pyrexial Treatment . — ^The treatment of rheumatic and other conditions by means of 
elevation of the body temperature has been extensively practised until recently, especially 
in America. The procedures employed were : (i) heating the body by means of penetrat- 
ing high-frequency currents, combined with insulation to minimize heat loss ; (ii) placing 
the subject in a conditioned air- cabinet containing moist air at a temperature of 120®- 
1 60® F. Body temperatures up to 107-6^ F. have been maintained for hours by these methods 
in robvM subjects. The circulatory strain is great, because the very low diastolic pressure 
impairs the coronary blood flow (p. 237). In the erect position the systolic blood pressure 
may be as low as 60 mm.Hg. A simple way of inducing pyrexia is to inject TAB vaccine. 
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Response to Extebnal Cold. — A cold bath (56® E.) may lead to a fall 
of mouth temperature, e,g, of 1° F. (Fig. 283) ; if a naked man is exposed to 
an atmospheric temperature of 60® F. for 20 nodnutes a variable temperature 
response occurs ; the results depend on the efficiency of the compensatory 
mechanisms. External cold stimulates the metabohc rate owing to increased 
secretion of adrenaline (p. 733) and thyroxine (p. 474), with resulting 
increased heat production ; if shivering occurs large amounts of heat are 
released in the muscles. The cutaneous arterioles are constricted to diminish 
heat loss, and the blood is driven into the deeper parts of the body. The 
blood pressure may rise. Adrenal corticoids are secreted. 

Cold Exhaustion. — This occurs in people who get lost in the cold ; 
the wanderer becomes worn out and surrenders to an overpowering desire to 
sleep. During this unconscious state, temperature regulation is disturbed and 
much heat is lost. The body temperature falls ; at 68® F. coma sets in and 
death results. It has been pointed out (p. 328) that a fall of temperature 
depresses the dissociation of oxyhsemoglobin and tends to lower oxidation 
in the tissues. 

Effects of Refbigebation. — Patients have been deliberately cooled 
down under anaesthesia to 80° F. for periods up to 36 hours. The blood 
pressure was unchanged, the pulse rate was slowed, e,g. to 60. Usually full 
recovery occurred on gradually reheating the subject to normal body 
temperature. 

Fever — This term is used to describe the complex response of the body to 
infection. One of these manifestations is fyrexia or raised temperature. The 
body is beheved to be able to deal more effectively with invading organisms 
when the temperature is raised, and so the pyrexia may be regarded as a 
protective mechanism. There is increased heat production, but this alone 
does not account for the pyrexia, because the changes are of an order of 
magnitude which could be easily compensated for under normal conditions ; 
but heat loss is decreased simultaneously fuUy accounting for the rise of body 
temperature. Heat regulation in states of fever is therefore disordered ; 
body temperature is adjusted to a higher level than normal (as though the 
hypothalamic “ thermostat ” were set at a higher temperature). The normal 
diurnal variation is still present, and the patient responds in the usual way to 
applications of heat and cold. 

In the initial stage a rigor or shivering often occurs. The skin vessels 
are constricted, minimizing heat loss ; a rapid rise of temperature therefore 
takes place. During the fastigium, when the temperature is at its height, 
the cutaneous vessels are relaxed and the skin is flushed ; the sweat glands 
are usually inactive. The rise of temperature increases the metabolic rate 
by accelerating the oxidative activities of the body ; but the heat loss is 
relatively inadequate to cope with this increased production. During the 
defervescence, when the temperature falls, marked sweating occurs, and heat 
loss is now greater than heat production. 

An agent has been isolated from bacteria, pyrexin, which on injection 
produces fever ; pyrexia may be responsible for the complex derangement of 
temperature regulation just described. 

Some of 'these phenomena are well demonstrated during a malarial rigor. 
During the shivering attack there is a sudden marked increase in heat 
production, e.g. from 80 to 230 Calories per hour ; heat loss, on the other 
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hand, is unchanged or decreased because of cutaneous vasoconstriction so that 
all the extra heat liberated is stored in the body. The body temperature, 
may rise to 105*^ F. as temperature regulation is in abeyance. After an 
interval the thermostatic control ’’ is readjusted to 98° F. ; sweating sets 
in, and with increased vaporization there is additional heat loss, bringing 
the body temperature down to normal once more. 

The general manifestations of fever are due to the pyrexia, dehydration, 
disturbed electrolyte balance in the blood {e.g, Na+ and Cl' loss, alkalsemia), 
and the action of toxins. 

Distribution of Heat in the Body. — The circulation transports heat 
to and from the various parts of the body ; the distribution of heat within 
the body, therefore, depends on the integrity of the circulation. In cases of 
so-called peripheral circulatory failure [e.g, haemorrhage, shock) there may 
be greater differences than normally between oral, axiUary, and rectal temper- 
atures. A low oral temperature may be due to local factors and need not 
represent a fall of body temperature ; the rectal temperature is then the only 
reliable guide to the temperature of the blood and internal organs. If a hot 
water bottle is applied to the cold skin, the poor local blood flow may be 
inadequate to carry away the added heat and the part may be injured if 
great care is not taken. 


Note on Innervation of Sweat Glands^ 

Experiments on animals have shown that the sympathetic nerves which 
supply the sweat glands are cholinergic in type and not adrenergic* In support 
of this work it is found in man that drugs which “ block sympathetic adren- 
ergic nerve endings {e.g. tolazolin (priscol)) do not inhibit either thermal or 
emotional sweating. Atropine on the other hand (which ‘‘ blocks ’’ the para- 
sympathetic (cholinergic) endings) inhibits both these types of sweating. 
There are, however, some discordant and unexplained findings : intradermal 
injection of adrenaline (or nor-adrenaline) in man does cause local sweating 
as well as cutaneous vasoconstriction ; sweating also occurs when an adrenal 
medulla tumour is actively secreting (p. 734). 

1 Chalmers and Keele, «7. Physiohj 1951, 114 , 510, 
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THE NERVOUS SYSTEM ^ 

STRUCTURE AND FUNCTION OF NERVOUS TISSUE 

Structure of Nervous Tissue.^ — ^The term neurone is used to describe 
the nerve cell {cell body, soma) and its processes, the dendrites and the axon 
{axis cylinder, nerve fibre). The nutrition of the axon depends on its intact 
connection with its ceU. 

Nerve cells vary in size and shape in different parts of the body ; their cyto- 
plasm is fibriUated, the so-called neurofibrils extending from the dendrites, 
through the substance of the cell, into the axon. Embedded in the cytoplasm • 
are angular bodies, the Nissl granules, which stain deeply with basic dyes 
like methylene blue ; they consist of nucleoprotein and contain organically- 
combined iron. They are very scanty in many nerve cells. Their size and 
number vary with the physiological condition of the cell ; fatigue, the action 
of certain poisons, and section of the axon, cause the Nissl granules to dis- 
integrate and disappear {chromatolysis). The nucleus is large and shows a well- 
marked chromatin network and nucleoli. The dendrites branch repeatedly 
immediately they leave the cell, and also contain Nissl granules. Mitochondria 
and a Gol^ apparatus (Fig. 295) can be demonstrated in the cytoplasm. 

The axon or nerve fibre arises from a part of the cell — the axon hillock — 
which is distinguished by the absence of Nissl granules ; it runs as a rule for 
a considerable distance before branching. 

A medullated nerve fibre consists of the following structures from within 
outwards : 

(i) A central core of semifluid axoplasm containing minute rodlets arranged 
parallel to the long axis of the fibre and giving it a fibrillar appearance {neuro- 
fibrils). The axoplasm is not covered by a histologically identified surface 
membrane, but there is a speciahzed boundary layer of axoplasm, the axon 
membrane, which separates the intracellular contents from the extracellular 
fluid and is the functional surface membrane. It is probably the site of the 
action potentials recorded from nerve. 

(ii) The white myelin {medullary) sheath, which is made up of concentric 
sheets of protein interspersed between layers of lipoid material (mainly 
lecithin) radially arranged ; it stains black with osmic acid. The sheath is 
interrupted at regular intervals by the nodes of Ranvier ; the distance 
between the nodes increases during growth, and in the adult animal the inter- 
nodal distance is proportional to the diameter of the fibre. The functions 

^ See Fulton, Physiology of Nervous System, 3rd edn., N. Y., 1949. Fulton, Textbook 
of Physiology, 16tli edn., Phila., 1949. Ranson and Clark, Anatomy of Nervous System, 
Stli edn., Phila., 1947. Sherrington, Integrative Action of Nervous System, new edn., 
Cambridge, 1947. Selected Writings of Sir Charles Sherrington, ed. D. Denny-Brown, 
London, 1939. Brain, Diseases of Nervous System, 4th edn., London, 1951. 

* Greenfield, J. Neurol. Psychiat., London, 1938, 1 N.S.), 306. 
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of tlie myelin sheath are not known with certainty. Studies with single 
isolated mammalian meduUated nerve fibres suggest that the myelin sheath 
is an insulating layer; the action potential which accompanies the nerve 
impulse can only be picked up from such fibres at the nodes of Ranvier, where 
the myelin sheath is absent. 

(iii) The neurilemma {sheath of Schwann), which is a homogeneous mem- 
brane closely adherent to the myelin and bent at the nodes. Under it, 
midway between the nodes, is nucleated cytoplasm, the cells of Schwann. 

A non-medullated fibre consists of axis cylinder, neurilemma, and cells of 
Schwann, but has no myelin sheath. All the postganglionic fibres of the 
autonomic system are non-meduHated as are those fibres in the somatic 
nervous system which are less than in diameter ; larger somatic fibres are 
nieduUated. It is worth emphasizing that non-meduUated fibres are very 
numerous in the central nervous system and in the dorsal nerve roots. 

The surface membrane of the nerve cell and fibre separates two fluids of 
different ionic content : inside the neurone, the intracellular fluid has a high 
K+ and low Na+ and Cl' concentration ; in the extracellular (interstitial) 
fluid bathing the neurone the reverse obtains (p. 5). The surface membrane 
in resting nerve is almost impermeable to Na+, but is readily permeable 
to K+ and Cl' ; this selective permeability is said to be a factor in determining 
the ionic concentration differences. The differences in ionic concentrations 
between the exterior and the interior of the neurone (soma and axon) may 
in some measure be due to the metabolic activity of the entire neurone and 
not exclusively to the properties of the membrane (cf. p. 8). 

Properties of Nerve Fibres. — ^As a nerve fibre is simply the long 
process of a neurone, it is somewhat artificial to consider its properties apart 
from those of the neurone as a whole. But as it is comparatively easy to 
study the properties of nerve fibres, and more difficult to investigate nerve 
cells, it is convenient to deal with the nerve fibre as though it were an in- 
dependent entity. The only function of a nerve fibre is to conduct the nerve 
impulse. Experimentally the fibre can be stimulated at any accessible point 
on its course ; the nerve impulse set up at the point of stimulation travels 
just as readily centrally as distally. Under natural conditions the nerve 
impulse is usually generated in the nerve cell and travels distally along the 
axon ; the main exceptions are the afferent neurones (dorsal nerve roots, 
afferent cranial nerves) ; in these the impulse is set up by appropriate stimu- 
lation of sensory terminals. 

Nerve Impulse.^ — This is an incompletely understood physico-chemical 
change which is transmitted by nerve fibres ; it involves an alteration in 
electrical state and chemical changes (Og consumption, COg output, heat 
output). The impulse must be carefully distiuguished from the stimulus, 
which is the external force {e.g. electrical, chemical, mechanical) which sets 
up the impulse. The chemical changes in nerve fibres are probably, wholly 
or mainly, concerned with the recovery processes which follow activity ; the 
electrical change is the most certain indicator of the development and propaga- 
tion of the nerve impulse and probably represents the essential process 
involved in transmitting the impulse along the fibre (p. 488). 

^ Erlanger and Gasser, Electrical Signs of Nervotts Activity, khila., 1937. Symposium 
on “ Physicodiemical Mechanism of Nerve Activity,” Ann. N.Y. Acad. Sd., 1946, 47, 
376-602. Newton, Recent Advances in Physiology, 7th edn., London, 1949, p. 166. 
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Resting Polarized Membrane of Nerve Fibre. — If a single fibre of 
large diameter is employed (giant fibre of squid, diameter up to 500 jj) a 
micro-electrode can be introduced into tbe interior of tbe fibre ; another 
electrode is placed on the external surface of the fibre. The electric potential 

difference between the outside and the inside 
of the fibre can then be determined by connect- 
ing the electrodes to an amplifier and cathode 
ray oscillograph. The inside of the fibre is 
found to be at a lower electric potential — i.e. 
+ + it is negative compared with the outside (Fig. 

Z Z Z r Z 284). The surface membrane of the nerve fibre 

+ + + + + (i,e, the axon membrane) is said to be polarized, 



Fig. 284.— Diagram to show ^‘-6. it maintains a potential difference (p.d.) 
Polarization of the Surface between its outer and inner surfaces ; its magni- 
Membrane of the Besting tude (in these giant fibres) is about 50 mV. 
Nerve Fibre. resting potential difference across the 

kn^eflbre°' axon membrane is attributed principally to 


The upper part of the diagram shows 
how the resting potential has 
been measured. 

INT. is negative relative to S. 

The lower part of the diagram shows 
the distribution of the charge 
across the nerve membrane. 
The external surface is positively 
charged and the internal surface 
is negatively charged. 


the difference of K+ concentration between the 
axoplasm and interstitial fluid. To account 
more completely for the potential difference 
one must probably also pay attention to the 
relative permeability of the axon membrane 
to the three principal ions concerned, viz. K+, 
Na+, and Cl' and to their concentrations, inside 


and outside the fibre. This is of great importance in connection with the 
production of the action potential (see p. 485). 

Injury Potential. — If the interior of the fibre is connected with 


an injured point on the surface of the fibre, 
surface point are found to be at the same 
potential, i.e, they are equally negative. 

It is supposed that as the membrane has 
been destroyed at the injured spot, the 
surface electrode now makes connection 
with the interior of the fibre. If one sur- 
face electrode is placed on a normal 
point and another on an inju/red point, the 
latter is found to be negative relative to 
the former (Fig. 285). The potential differ- 
ence recorded under these conditions is 
called the injury potential \ it is due to 


, the interior and the damaged 


Fig. 285. — Injured Area of Nerve 
Fibre is Negative relative to 
Normal Area. 

The diagram shows how the injury 
potential is measured. 

N=normal. INJ.=injured areas. 

Both electrodes are placed on the external 
surface of the fibre. INJ. is negative 
with respect to N. 


connection being made between the exterior and the interior of the fibre, 
the latter redon being, as stated, negative, relative to the former. 

Effect of Nerve Activity. — nerve fibre (Fig. 286) is stimulated at S ; 
the impulse set up travels along the fibre towards A ; leads are taken from 
a surface electrode at A and another inside the fibre (I). When the impulse 
reaches A, {i.e. when “ activity ” develops at A) it becomes negative relative 
to I.^ Activity has changed the state of the membrane at A ; the membrane 
is said to be “ depolarized.” Depolarization ” means the abolition of the 
previous state of “ polarization ” ; when the word was introduced, it was 
thought that at the active spot on the fibre, as at an injured spot, contact 
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was made with the interior of the fibre owing to a breakdown ” of the 
membrane which no longer maintained a potential difference between its 
external and internal surfaces. This view is inaccurate, however. An active 
spot differs in its electrical state from an injured spot on the nerve fibre. 
An injured spot has the same potential as the interior of the fibre ; on the 
other hand the surface of the active spot is negative relative to the interior 
of the fibre. The membrane at the active spot has thus become polarized 
in the reverse direction (Pig. 286, 3). 

Hodgkin and Katz ^ have recently suggested that during excita- 
tion of a nerve fibre, the axon membrane 
changes its relative permeabihties to K+, 

Na+, and Cl'. In the resting state the rela- 
tive permeabihties are taken to be in the 



ratio 1*0 : 0*04 : 0*45, and these change to 


m.v. 



Fia. 286. — Surface of Active Area of Nerve Fibre is 
Negative relative to Interior of Resting Part 
of Fibre. Right-hand Part of Diagram shows 
Electrical Changes: 



1= Isoelectric line (zero potential). 

2. Nerve Fibre at rest. Connect electrode on surface at A 
with electrode in interior of fibre at 1. As I is relatively 
negative, record moves downwards (—60 mV.). 

8 . Stimulate at S. As activity develops at A, the surface 
electrode at A becomes negative compared with the 
Interior electrode, I. Uecord is deflected above base line 
(+40 mV.). 

Ordinate in millivolts. Upward deflection always represents 
relative negativity at A (i.c. the proximal electrode). 

1*0 : 20 : 0*45. Thus the axon membrane 
temporarily becomes selectively permeable 
to Na+ and relatively impermeable to K'*’. 
Na+ rapidly flows from the interstitial fluid 
into the nerve fibre until the Na+ concentra- 


PiG. 287. — Production of Mono- 
phasic Spike Potential. 

A>=Normal area. B=Injured area. 

The nerve fibre is stimulated at a 
point S at extreme left. The 
impulse travels from left to 
right. 

Stippled area* area of activity or 
injury. 

First Ime : before activity reaches A. 

Second line : activity reaches A. 

Third line : activity has passed away 
from A. 

Fourth line : resulting electrical 
record : 

1, 2, 3, represent electrical 
changes corresponding to 
events in first, second and 
third line respectively. 


tion inside the fibre exceeds that outside. 


This reversal of the resting ratio of external to internal Na+ concentrations 
reverses the sign of the resting membrane polarization; as stated above during 
excitation the surface of the membrane becomes negative relative to the interior. 

With this background we can now consider the normal methods of record- 
ing the electrical changes which accompany nervous activity. 

Spike Potential (Monophasic Action Potential). — Two electrodes, 
connected to an oscillograph, are placed on the surface of a nerve fibre 
at right angles to its long axis (Fig. 287) ; A is a normal region ; B is 
a region which has been killed or anaesthetized. [The potential difference 
between A and B (injury potential) can be compensated for.] Stimulate 


^ J, Physiol,^ 1949, 108^ 37. Keynes, ibid., 1951, 774, 119. Hodgkin, Brit. med. Btdl, 
1960, 6, 322. 
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DIPHASIC ACTION POTENTIAL 


the fibre at S ; an impulse is generated ; when the impulse reaches A the 
point A becomes momentarily negative compared with its initial resting 
state. This negativity shows itself as a transient deflection, recorded up- 
wards ; (negativity at the proximal electrode is always recorded as an 
upward deflection). The deflection is a simple upstroke rapidly returning 
to the base line ; it is called, therefore, a mono'phasic variation, or sfike 
potential (because of its brevity, shape, and transient nature). The ascending 
limb (upstroke) represents the development of activity at A ; the descending 
limb (downstroke) represents the dying down of activity at A. The amplitude 
and the duration of the deflection depend on the diameter of the fibre and 




Pig. 288. — Production of Diphasic Action Potential in Nerve Fibre. 


stippled part of nerve flbre=area of activity. 

a. Bight-nand records : electrical changes. Stimulate fibre at S. 1. Activity develops at A. 2. Activity 

passes away from A. 3. Activity develops at B. 4. Activity passes away from B. 

b. Activity is persisting longer at excited points than in a. Stimulate fibre at S. 

First line : activity develops at A. Second line : equal activity at A and B. Third line : activity has 
passed away at A and is still persisting at B. Fourth line : electrical changes : 

Actirity at A gives rise to a monophasic upward directed spike. 

Activity at B gives rise to a similar downward spike. The curve actually obtained is the upstroke of A 
continued along the interrupted line. It is the resultant of algebraic summation of curves A and B. 


other factors. In fibres of large diameter (20^) the duration of the spike 
is about 1 millisecond. 

During the upstroke of the spike Na+ leaks into the fibre from the 
surroundmg fluid ; during the downstroke K+ is supposed to leak out of the 
fibre into the surrounding fluid. During the recovery period the normal 
resting ionic distribution is re-established. 

Diphasic Action Potential. — The experiment is repeated with this differ- 
ence : the two points A and B from which the leads are taken are both normal. 
Stimulate at point S (Fig. 288, a). The impulse reaches A setting up the 
usual, upwardly recorded, spike potential which represents the development 
and subsidence of activity at A. While the spike potential is being recorded 
at A, the impulse is moving on at its characteristic velocity towards B. Let 
us suppose that A has abeady come to rest when the impulse reaches B. B 
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becomes active compared to A and the spike potential produced here is 
directed downwards (it is due to negativity at the distal electrode). The 
passage of the impulse past the two electrodes A and B produces two deflec- 
tions, the initial one (upwards) and the final one (downwards) ; this double 
deflection is called the diphasic variation. The detailed features of the 
diphasic variation depend on (i) the duration of the period of activity at A ; 
(ii) the time taken for the impulse to travel from A to B ; this in turn depends 
on (a) the distance between A and B and (b) the velocity of conduction of the 



Fig. 289. — ^Diagram of Current Distribution in Nerve during passage of a 
Brief Pulse of Current. (After Katz, from Fulton, Textbook of 
Physiohgyf W. B. Saunders & Co.) 

Upper diagram shows the distribution of current flow from anode (+) to cathode (—), 
outside the membrane (i.e. through the interstitial fluid), across the membrane, and 
inside the fibre {i.e. in the axoplasm). ^ ^ 

Lower diagram shows membrane current density. It is greatest at the cathode and anode 
and declines in an exponential manner with distance from the electrodes. Nerve 
excitability is 'increased at the cathode (catelectrotonus) and is decreased at the 
anode (anelectrotonus). 

impulse. , The diphasic variation in Fig. 288, b, is the algebraic sum of the 
‘‘overlapping,” potential changes (spikes) produced at A and B. When 
leading from two normal points (A, B), the occurrence of a diphasic potential 
proves that the impulse has been propagated from A to B. The occurrence 
of a monophasic deflection under these circumstances proves that the dis- 
turbance is localized and not conducted. Diphasic variations are sometimes 
difficult to interpret ; monophasic variations led from one normal and one 
injured point are preferable when one is aiming at a detailed analysis of the 
potential wave and especially when after-effects are being studied (p. 489). 

Production of Nervous Impulse. — This is most conveniently examined 
when the fibre is stimulated by means of a brief pulse of current. Fig. 289 
shows diagrammatically how the current flows from the electrode connected 
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with the anode, through the fluid outside the membrane, through the mem- 
brane, to the interior of the fibre, and then out again to the electrode con- 
nected with the cathode. The electrical change set up in the neighbourhood 
of the electrodes is called electrotonus : catelectrotonus at the cathode ; anelec- 
trotonus at the anode. Electrotonus is a localized electrical change ; it is 
maximal at the electrode and diminishes in magnitude {decrements) ex- 
ponentially with distance from the electrodes; on switching the current 
on and off it rapidly builds up and subsides. 

The following events are observed on increasing the strength of the 
current. The electrotonus progressively increases in size (Fig. 290). At the 
cathode it is associated with increased excitability of the fibre, at the anode with 

decreased excitability. When catelec- 
trotonus reaches a certain magnitude, 
an impulse is generated at the 
cathode as shown by the appearance 
of a propagated spike potential (Fig. 
290 a, 6). It seems that the current 
flow at the cathode alters the state of 
the membrane ; when this so-called 
depolarization ’’ (better, change of 
polarization) reaches a critical mag- 
nitude, an impulse is set up. 

To recapitulate : the electrical 
stimulus fiirst sets up a localized 
electrical change in the fibre {electro- 
tonus) ; when the catelectrotonus has 
risen to a threshold size it generates 
a propagated electrical change (the 
spike potential). 

In considering the observations 
recorded above it should be remem- 
bered that under natural conditions 
nerve fibres are not stimulated mid- 
way along their course. In the case 
of the afferent neurones the nerve 
endings are stimulated by appropriate 
^ stimuli, e.g. touch*, heat, cold, stretch. 
It is supposed that the natural stimuli produce the same sequence of changes 
in the nerve endings, i.e. localized catelectrotonus followed by a propagated 
potion potential. In the case of all other neurones the impulse is generated 
in* the cell ; the problem there is, how does an impulse arriving at a synapse 
stimulate the ^adjacent cell body ; this question is considered on p. 522. 

Propagation of the Impulse, — The spike potential acts like a travelling, 
stimulating cathode. Consider Fig. 291 : at the boundary of the active region 
of the fibre, ^.e. at the site of production of the spike potential, a local closed 
electric circuit is set up, the current flowing from the positive resting region 
to the negative active region ; this local circuit in front of the active zone 
is identical with the local circuit set up at the cathode, i.e. it is a region of 
momentary catelectrotonus. When this catelectrotonus rises to the requisite 
magmtude it alters the membrane sufficiently for an impulse and spike 



Fig. 290. — ^Development of Cateleotro- 
tonus and Spike Potential in Stimu- 
lated Nerve Fibre. (After Hodgkin, 
Proc. roy. Soc. B., 1938, and Newton, 
Recent Advances in Physiology.) 

Electrical changes produced in nerve fibre at the 
stimulating electrode (cathode) by progres- 
sively increased stimuli. 

Ordinate : magnitude of response as fraction of 
full spike potential (i.e. fraction of 40 
millivolts). 

Note the progressively increasing local cat- 
electrotonus. With the strongest stimuli 
employed (a, b) the catelectrotonus develops 
into a full spike potential of which only the 
onset is here shown. 
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potential to be set up. Tbe sfihe potential acts, then, as the stimulus to the 
zone of nerve fibre immediately adjacent to it ; via the stage of catelectrotonus, 
the spike potential {and impulse) are progressively propagated along the fibre. 

It follows that tbe local magnitude of tbe spike potential depends on tbe 
local functional state of tbe fibre at eacb point, and not on tbe magnitude of 
tbe exciting stimulus. Wherever a patch of membrane is depolarized '' 
it produces tbe maximal spike potential which it can. If a region of a nerve 
fibre is depressed, e.g. by local anaesthetics or injury, tbe affected region, 
when stimulated by tbe arrival of tbe electrotonic wave (which travels in 
front of tbe spike potential) responds with a subnormal spike potential which 
is tbe best tbe depressed region of fibre can produce. If a length of fibre is 
uniformly but partially narcotized, tbe spike potential (and impulse) travel 
through it with a uniformly diminished intensity. When tbe spike potential 
reaches normal tissue again, tbe forerunning electrotonus generates a spike 
potential of normal magnitude once more. 

By means of these circuits an impulse can “ jump ” a narrow region 


LOCAL CIRCUITS AT BOUNDARY OF IMPULSE 



DEPOLARIZED ZONE 


Fig. 291. — ^Propagation of Nerve Impnlse. (After Hodgkin, 

J. PhydoL, 1937, 90, 183.) 

The impulse is moving from right to left in the nerve fibre. Depolarized 
zone = active area, which is the site of the spike potential. It 
generates a current fiow in the adjacent part of the fibre which 
sets up first a catelectrotonus and then a spike potential. 

of complete block. Tbe spike potential is arrested when it reaches tbe block ; 
but tbe local circuits can pass through it to excite tbe normal nerve fibre 
beyond. It has been found that if tbe magnitude of tbe catelectrotonic 
potential reaching tbe normal zone is as small as 10% of tbe spike potential 
it can just excite tbe fibre and produce a propagated spike potential. 

After-Potentials. — Tbe spike potential is followed in most fibres by 
a negative after-potential and then by a positive after-potential. Tbe 
negative after-potential shows itself by a retardation of tbe rate of descent 
of tbe terminal part of tbe downstroke of tbe spike ; tbe positive after- 
potential consists of a descent below tbe resting level followed by gradual 
recovery (Fig. 292). Type B nerve fibres (p. 493) do not display a negative 
after-potential. The after-potentials are of long duration^ compared with 
the spike. During tbe negative after-potential tbe excitability of the fibre 
is increased and tbe conduction rate is faster ; during the positive after- 
potential tbe fibre is in a subnormal state, and both excitability and con- 
duction velocity are depressed (cf. Fig. 293). 

All-or-None Relationship between Stimulus and Response. — Tbe 
magnitude of tbe spike potential (impulse) set up in any single nerve fibre 
is independent of tbe strength of tbe exciting stimulus, provided tbe latter 
is adequate. An electrical stimulus below threshold strength fails to elicit 
i6* 
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a propagated spike potential ; if it is of threshold strength or over, a spike 
(nervous impulse) of maximum magnitude is set^ up. Either the single 
fibre does not respond with spike production, or else it responds to the utmost 
of its ability (under the conditions at the moment). This property of the 
single nerve fibre is termed the all-or-none relationship ; it should be 
emphasized that this relationship applies only to the unit of the tissue. It 
applies also to skeletal muscle (the unit being the individual muscle fibre) 
and to heart (the unit being the entire auricles or the entire ventricles). 
Stimuli too weak to produce a spike do, however, set up a local electrotonus ; 
as already explained, the magnitude of the electrotonic potential progressively 
increases with the strength of the stimulus until a spike is generated. The 
all or-none relationship applies only to spike production. 



10 20 30 40 SO 60 70 80 

THOUSANDTHS OF A SECOND 

Fig. 292. — ^After-potentials of Nerve Impulse. (Gasser, 

J, appl. Physics, 1938, 9, 88.) 

Ordinate : magnitude of nerve potentials in arbitrary units. 

Abscissa : duration of potentials. 

The above account deals, as stated, with the response of a single nerve 
fibre. If a nerve trunk is stimulated, then as the exciting stimulus is progres- 
sively increased above threshold a larger number of fibres respond ; the 
explanation is that the minimal effective {i,e. threshold) stimulus is adequate 
only for fibres of high excitability, but a stronger stimulus is required to 
activate fibres of lower excitability. Finally a strength of stimulus is reached 
which excites all the nerve fibres ; increasing the stimulus further does not 
increase the response of the whole nerve. 

Changes in Nerve during and after Activity. — Changes in excitability 
and conductivity occur after the appearance of the nervous impulse, and 
these changes run parallel to one another, (i) For the duration of the spike 
potential the fibre is absolutely refractory. No stimulus, no matter how strong, 
can initiate a fresh impulse in this region ; nor can an impulse generated 
elsewhere pass through this area. Neither excitability nor conductivity, 
therefore, is present, (ii) The next few milliseconds represent the period of 
partial refractoriness. At first a very strong current ca.n excite the fibre, 
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wMcli responds witli a subnormal spike. The strength of the minimal 
exciting stimulus progressively falls until excitability returns to normal.^ 

(iii) During the negative after-potential, excitability is supranormal, while 
during the positive after-potential it is subnormal. 

The fibres of largest (fiameter recover to 90% of the normal in 1 m.sec. ; 
this means that they could conduct 1000 impulses per second of nearly full 
size, at least for short periods. Motor fibres rarely have to conduct naturally 
at rates exceeding 100-150 per second ; sensory fibres under extreme experi- 
mental conditions may have to conduct at 300-400 per second. Normally 
then these fibres can readily cope with the lower frequencies with which they 
have to deal. 

Fibres of smaller diameter recover more gradually and consequently 
the upper limit of impulse frequency which they can transmit is lower than 
in the case of larger fibres. 

One of the reasons why a nerve fibre can respond to continuous stimula- 
tion for hours without fatigue is that the fibre is conducting not continuously 
but intermittently ; any stimulus falling during the re&actory period is 
ineffective, and the fibre responds again only when it has recovered to some 
extent. 

Metabolism of Nerve Fibres.^-— Minute quantities of heat are liberated 
by nerve fibres at rest, during, and after activity. 

(i) At rest, 2x 10“® g. calories are given off per g. of nerve per second ; the 
energy liberated is probably being used to maintain the fibre in its normal 
excitable state. 

(ii) The passage of one impulse through 1 g. of nerve liberates 1 x 10“*^ 
g. calories ; this initial heat production is very abrupt and coincides with the 
spike potential. 

(iii) During the recovery period there is further liberation of heat {delayed 
heat), which is 8-5 times as great as the initial heat ; this energy is used to 
restore the normal excitability of the fibres. 

(iv) Increasing the frequency of stimulation raises the total heat 
production, 

(v) In the absence of oxygen there is a progressive falling off in the initial 
heat,® a similar falling off in the delayed heat, a progressive but not quite 
parallel decrease in the size of the spike potential, and affcer 2-3 hours, 
extinction of all activity in the nerve. When oxygen is readmitted the 
capacity for heat production returns and recovers fully in 1-2 hours. 

(vi) Nerve fibres use oxygen and liberate CO 2 ] the respiratory exchanges 
are increased by activity. 

Metabolism of Neurones. — The heat production of nerve fibres, as 
indicated above, is extremely small. Hill has calculated that stimulated 
skeletal muscle gives off about 7000 times the amount of heat released by 
an equal weight of nerve fibres stimulated for the same time. It should be 
remembered, however, that a nerve fibre is merely the long process of a neurons. 
The metabolic rate of neurones, unlike that of nerve fibres, is extremely high. 


^ Similar changes occur in heart muscle though the sequence of events is much 

slower (cf. p. 235). . . . ^ . 1 , 

* TTin, Chemical Wave Tranamieaion %n Nerve, Cambndge, 1932. 

3 In muscle, the initial heat is unaffected by oxygen lack, while the delayed heat is 
almost completely abolished (cf. p. 431). 
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Interesting comparisons can be made between brain and skeletal muscle. The 
blood flow to the brain (p. 306) is 544-12 c.c./lOO g./min. ; the arterial- 
venous O 2 difference is 6*5 c.c./lOO c.c. ; the Og consumption of brain is 
thus 3*5 c.c./lOO g./min. The blood flow to violently contracting skeletal 
muscle (p. 433) is, say, 40 c.c./lOO g./min. ; let us assume that the venous 
blood is completely reduced, the arterial venous Og difference thus being 
19 c.c./lOO c.c. The Og consumption of muscle is then 7*5 c.c./lOO g./min. 
But the brain contains much white matter, Le, nerve fibres, with a low meta- 
bolism and a poor blood supply. Taking this fact into account, it appears 
that the metabolic rate and blood supply of cerebral grey matter is of the 
same order of magnitude as maximally contracting skeletal muscle, a sur- 
prising but important conclusion. 

The blood supply of grey matter is not related to the number of nerve 
cells present, but to the wealth of synaptic connections. Thus a dorsal root 
ganglion which contains many nerve cells but no synapses has a relatively 
small blood supply. It would seem, therefore, that the level of metabolic 
activity at synaptic terminals (presumably in relation to transmission pro- 
cesses) is very high. 

The oxygen supply of the brain, though so large, is not greatly in excess of 
cerebral nee & ; any reduction in the flow or in the oxygen tension or content 
of the blood soon leads to disturbed brain function. The metabolism of the 
brain (and of nervous tissue generally) is peculiar. It can apparently only 
metabolize carbohydrate ; but as its glycogen content is very smaU it is 
dependent for its energy on its contemporaneous blood sugar supply. A fall 
of blood sugar (hypoglycmmia) in man produces predominantly symptoms of 
cerebral dysfunction (p. 915). Lack of the vitamins which participate in the 
enzyme systems concerned with carbohydrate breakdown {e.g, thiamine, 
p. 1026) produces derangement of the nervous system and ultimately 
permanent damage. 

Different regions of the brain respond in a distinctive manner to physico- 
chemical changes in their environment. Thus the respiratory centre is 
markedly stimulated by COg excess or a rise of H+ ion concentration ; 
apomorphine acts specifically on the vomiting centre ; cells in the hypothala- 
mus are sensitive to minute variations in blood temperature ; morphine 
seems to act at the thalamic level ; in fact much of the pharmacology of 
the central nervous system is an expression of the individual characteristics 
of different groups of nerve cells, which may prove to be associated with 
metabolic peculiarities. 

Types of Nerve Fibres, — Three main groups of nerve fibres are 
recognized : 

A fibres : all meduUated somatic nerve fibres whatever their diameter 
(range 1-20 fx). 

B fibres : meduUated (i.e. preganglionic) fibres of the autonomic 
nervous system (diameter range 1-3 fi), 

C fibres : all non-meduUated fibres, somatic or autonomic (diameter 
under 1 ^w). 

Peopeeties op a Pibees. — These have been studied in greatest 
detail. 

(i) Ooniudion velocity : this is directly proportional to fibre diameter ; 
fibres of 1 ^ conduct at the rate of 5 metres per sec. ; the largest fibres 
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of 20 iJL diameter conduct at tte rate of 120 metres per sec. ; fibres with 
intermediate diameters conduct at intermediate velocities. (Rougbly, tbe 
diameter in //, multiplied by 6, equals the velocity in metres per sec.) 

(ii) The height of the spike potential is directly proportional to the 
diameter of the fibre. 

(iii) Fibres with the largest diameters are most excitable, i.e, they respond 
to weaker stimuli than thinner fibres. 

(iv) The time relationships and characteristics of the phases of the 
recovery process are shown in Fig. 293. Affcer the initial full recovery there 
is first a phase of increased excitability corresponding to the negative after- 
potential, followed by a second 
phase of decreased excitability 
corresponding to the positive after- 
potential. 

Properties op B and C 
Fibres. — B fibres (unlike A or 
C fibres) develop no negative after- 
potential and therefore do not 
show the associated phase of supra- 
normal excitability. C fibres 
resemble A fibres in their general 
characteristics but all the events 
are on a smaller scale and greatly 
drawn out in time (Fig. 293). 

Time Factor in Excitation. — 

In considering the effectiveness of 
a stimulus, attention must be paid 
not only to the strength of the 
current, but also to the time 
during which it is allowed to fiow 
through the tissue. A strong current 
produces a response after a very 
short time of flow ; as the strength 
of the current is reduced a longer 
duration of flow is required to 
stimulate ; if the current falls 
below a minimum value it fails to stimulate no matter how long the 
duration of flow. The relationship between the current strength and the 
duration of current flow necessary to stimulate is shown in a strength-duration 
curve (Fig. 294). 

Chronaxie and Rheobase. — The weakest current strength which can 
excite a tissue if allowed to flow through it for an adequate time is called the 
rheobase, (A still weaker current fails to stimulate no matter how long the 
duration of current flow.) The tissue is then tested with a current strength 
equal to twice the rheobase ; the duration of the current flow which stimulates 
the tissue under these conditions is called the chronaxie (Fig. 294). 

Chronaxie values are a useful mdex of the relative excitability of tissues ; 
thus the chronaxie of nerve fibre is considerably shorter than that of skeletal 
muscle. (The changes in the strength-duration curve and chronaxie of 
denervated skeletal muscle are considered on p. 506.) 
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Fig. 293. — ^Recovery of Excitability of A, 
B, and C Nerre Fibres, after Single 
Responses. (Gasser, Ohio, J, Sci., 1941, 
41, 145.) 

A, B, 0— A, B, C fibres respectively. 

Ordinate: Level of excitability. 100= Control level 
of excitability. 

Value over 100=supranormal state ; value under 
100= subnormal state. 

Abscissa : the time interval between the stimulus 
which produced the response and the subsequent 
** test ” stimuli. 
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Accommodation.^ — A current which rises suddenly to its full value is 
more effective and excites at a lower threshold than if it rises slowly. In 
the case of nerve fibre, the current must have a minimal gradient, in order 
to excite : if the current rises more slowly than this, it is ineffective no matter 
what strength it ultimately attains. It is suggested that the tissue, if allowed 
sufficient time, sets up a “ resistance ” to the current and so to say accom- 
modates ” itself to it. The current seems to set up some process which 
counteracts the stimulus and consequently increases the threshold at which 
excitation can occur. The nature of this process is unknown, but it is called 
‘ accommodation.” 



DURATION OF CURRENT FLOW 
Fig. 294. — Strength-Duration Curve. Rheobase and Chronaxie. 

The curve shows the relationship between the strength of stimulation (current strength) 
and the minimum duration of stimulation (i,e. duration of current flow) necessary 
to set up an irppulse. 

R=Ilheobase. 

2R— 2 X R. 

When 2R is the strength of stimulus, the minimum duration of current flow which 
can produce excitation is called the chronaxie (0). 

To determine the accommodation the tissue is stimulated with currents 
which rise at different rates ; the threshold strength is noted. If accommoda- 
tion is rapid (or good ”) the threshold strength with a given rate of current 
rise is high : if accommodation is slow (or “ poor ”) the threshold strength 
with the same rate of current rise is low. If accommodation is lacking the 
threshold will be at the same level irrespective of the rate of current rise.® 
Impaired accommodation is probably responsible for the phenomena of 
tetany (p. lOOd). 

Effects of Nerve Section.^— l. Changes in the Nerve Cell.— Chroma- 
tolysis occurs in the nerve cells giving rise to the cut fibres. The changes 
begin within 48 hours of section of the nerve, and reach their zenith in 15 
to 20 days. The Nissl granules break up into a fine dust ; later the dust 

1 Kugelberg, Acta ^hydol. scaTid., 1944, 8 ,Suppl. 24. 

^ A similar phenomenon in nerve endings is called “ adaptation ” (p. 550). 

® Cajal, Degeneration and Regeneration of Nenxma System, 2 vols., London, 1928. Youne, 
Physiol Rev., 1942, 22, 318. ® 
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may lose its staining reaction, and tlie cell appears colourless (Fig. 295). 
The Golgi apparatus fragments and dwindles in amount. The ceU swells 
from increased fluid content, becomes rounded and the neurofibrils dis- 
appear. The nucleus is displaced to the cell margin ; it may be completely 
extruded, in which case the cell atrophies and finally disappears. 

The degree of chromatolysis depends on (i) the proximity of the site of 
section to the nerve cell ; (ii) the nature of the section. If the nerve is 
forcibly tom, death of the cell often results. 



Fig. 295. — Changes in Nerve Cells of Spinal Cord during Chromatolysis. (After Penfield 
and Dolley, from Fulton, Physiology of Nervous System.) 

A. Golgi apparatus. From left to right : normal cell ; break-up of apparatus 7 days after section of 

axon ; dissolution of apparatus after section of spinal cord. 

B. Nissl granules. From left to right : normal cell ; moderate chromatolysis from fatigue ; extreme 

chromatolysis. 


Repair begins in 20 days and is completed in 80 days. The Nissl granules 
and Golgi apparatus gradually reappear; the cell regains its normal size, 
and the nucleus returns to its central position. Cell repair may occur even if 
the axon does not regenerate. 

Afferent Neurones. — (i) If the 'peripheral axon of a dorsal root ganglion 
is divided, the changes described above occur, but pass away more rapidly, 
(ii) If the central axon is cut, the changes in the ganglion cells are slight. 
[Similarly, in tabes, where the central axons of the dorsal nerve roots are 
damaged by syphilis, the ganglia show very slight changes.] The synaptic 
terminals in the spinal cord (p. 522) show characteristic changes ; they swell 
after 24 hours, begin to disintegrate after 3 days, and disappear in 6 days. 
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Central Nervous System,— Most of the affected cells atrophy completely. 
As usual the atrophy is more intense when the fibres are cut close to their 
parent cells. 

Changes in autonomic ganglia are difficult to demonstrate owing to the 
normal sparseness of the Nissl granules. 

Chromatolysis also occurs in exhaustion, intoxications, and decreased Hood 
supply. In hyperpyrexia, e,g, brief exposure to 109° F., or more prolonged 
exposure to 107° or 108° F., death of the cell and coagulation of its substance 
result. 

2. Changes in the Nerve Fibre.— (1) Stage op Degeneration.— 
The part of the nerve fibre distal to the point of section undergoes degenera- 
tion. The process sets in within 24 hours and on the third day the fibre 
ceases to conduct impulses. Histological and chemical changes occur 
simultaneously along the whole length of the distal stump. The axis cylinder 
splits up into short lengths : the medullary sheath breaks up into oily droplets 
of varying size. During this period the fibre stains black with Marchi’s fluid 
(p. 499). Degeneration may occur in the central end for a variable (usually 
short) distance from the point of section. Degeneration is complete in 3 
weeks ; the fibre debris is then removed by surrounding macrophages which 
penetrate into the neurilemmal tubes (Fig. 296), the process being complete 
in 3 months. 

Soon after the section, the nuclei of the Schwann cells divide mitotically 
along the whole course of the peripheral stump ; the responsible stimulus is 
unknown. The Schwann c 3 rtoplasm likewise increases in amount and gradually 
fills the neurilemmal tube as the debris is removed. The Schwann tissue 
differentiates into thin elongated cells which grow from the cut end of the 
distal stump and sprout in all directions, progressing at the rate of 1-2 mm. 
per day. The ** useful ’’ growth is towards the central end of the cut nerve ; 
in this way the Schwann tissue may bridge a considerable gap between the 
two ends of the cut nerve, even up to 3 cm., and establish connections with 
the central end. If the two cut ends of the nervh are stitched together the 
Schwann cells readily establish a fibrous bond of union. The peripheral tubes 
shrink to half diameter in 7 weeks and may so persist for about 18 months. 

(2) Stage oe Regeneration (Figs. 296-298). — ^At the same time the 
central axons elongate and grow out in all directions. Each growing fibre sphts 
and may give rise to many, even up to 100, fibrils. The regenerating fibrils 
meet the Schwann cells which serve as a mechanical bridge to guide the fibrils 
to the peripheral neurilemmal tubes. As far as is known chemical attractive 
forces are not involved. Two or three weeks after the section, the peripheral 
tubes contain varying numbers of developing fibrils, some none, some as many 
as 25, attached to their inner wall and steadily growing distally (Fig. 296). 
Some fibrils may pass between the tubes and somehow receive a covering of 
Schwann tissue. Finally all the fibres in any distal tube degenerate except 
the single successful one which progressively enlarges to fill the tube. Fibrils 
from one fibre may enter several tubes but probably only one fibril can survive. 
The daily rate of growth is 0*25 mm. in the junctional area of scar tissue, 3-4 
mm. in the peripheral stump, and rather faster in the distal end of a crushed 
nerve where the mechanical conditions for regeneration are easier than in a cut 
nerve. Medullary sheaths begin to develop in about 15 days and follow the 
course of the fibre (Fig. 297). Increase in fibre diameter takes place very slowly 
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(Fig. 298). The diameter finally attained is limited by the diameter of the 
peripheral tube and the size of the parent nerve cell. A thick fibre cannot 
develop in a thin neurilemmal tube; the development of thick fibres in 



Fig. 296. — ^Transverse Section of Fibres in Peripheral Stump of Nerve, 2 cm. distal to site 
of Section. The nerve had been cut 25 days previously and the cut ends immediately 
sutured. (Young, Physiol, Rev., 1942, 22, 338.) 

K =nerye fibrils, some cut lou^tudinally and some transversely (latter appear as coarse dots) ; S, F ==nucleus 
and protoplasm respectively of Schwann cell; 11= macrophage nucleus and related cytoplasm. 
Macrophages have invaded the Schwann tubes and compress Schwann nuclei (e.g. right-hand tubes); 
Many ^e nerve fibrils run along the inner aspect of the membrane lining each tube. 



Fig. 297. — ^Transverse Section of Peripheral Stump of Rabbit’s Nerve severed 160 days 
previously. The stumps were left unsutured and union was made by outgrowth. 
MeduUation is consequently somewhat retarded. (Young, Physiol. Rev., 1942, 22, 
341.) 

M=macrophage nucleus; P=related cytoplasm; S=Schwann nucleus and related cytoplasm; My= 
myelin of developing nerve fibres ; 1’^= fibroblast. Note that the Schwann tubes contain one to four 
nwve fibres of varying size with developing myelin sheaths. Only one tube (ET) is uninnervated. 

general is hampered by the shrinkage of the peripheral tubes to which reference 
was made above ; a small cell can only give rise to a fine fibre even when the 
latter finds itself in a large tube. Regenerating rabbit nerve 2 cm. below the 
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point of suture examined 200 days after the section showed very few fibres 
exceeding 2 in diameter. 

The frameworks- of the sensory and motor endings can persist for months. 
When the growing axon tip ultimately reaches the nerve ending it establishes 
a connection with it which at first may be atypical in appearance but later 
becomes normal. A good many fibres will establish connections with new 
hinds of endings in new situations ; the functional complications that may 
result are discussed on p. 556. It is possible that when a number of nerve 
fibrils grow down one tube to the same ending the appropriate one alone 
survives to establish effective connections. It is conceivable also that when 
a new fibre reaches skin or muscle it may call forth locally the appearance of 
a suitable ending. [In tissue culture, when a nerve fibre meets a myoblast a 
motor end plate is formed.] As is explained later (p. 557) functional recovery 
lags considerably behind anatomical regeneration. 

Regeneration never takes plaice in the central nervous system ; regenera- 
tion of the central axon of a dorsal nerve root may occur as far as the pia, 
but there is no penetration into the spinal cord. 



JFig. 298. — Stages in Progress of Regeneration in Schwann Tube after 
immediate Suture in Rabbit. (Mgjnres show time after suture in days.) 
(Young, Physiol. Rev., 1942, 22, 343.) 

25 days : many flue flbres at edge of tube. 

50 days : one or two flbres have enlarged and are placed more centrally. 

100-150 days : one large medullated flbre occupies centre of tube, the flne flbres 
still remaining at the periphery. 

400 days : flne flbres have disappeared ; central flbre has further enlarged. 

Transneuronal Degeneration.— A nerve cell may sometimes undergo 
degeneration if the afferent fibres passing to it are cut. Thus when the optic 
nerve is cut, the cells in the^Jateral geniculate body (round which the optic 
nerve fibres end) undergo rchromatolysis ; these cells, however, receive 
afferents from no other neurones except those arising in the retina (p. 575). 
But similar degeneration may occur after dorsal root section in the cells 
in the dorsal horn of the spinal cord which receive collaterals not only from the 
dorsal nerve root but also from descending fibres. The ventral horn cells may 
degenerate in cerebral tumours involving the precentral convolution although 
ventral horn cells receive afferents from very many sources. Transneuronal 
degeneratioh may be a factor in the pathogenesis of system diseases, e.g. 
when both the pyramidal tract and the lower motor neurones are involved. 

Staining Reactions of Nerve Fibres.— (1) Osmic Acid.— Normal 
medullated nerve fibres stain black with osmic acid which is reduced to the 
black osmic oxide. 

(2) Weigbrt-Pal Method. — For accurate investigation of the white 
matter of the nervous system, the tissue must be fixed and hardened for 
a long time (weeks) in Muller’s fluid (weak bichromate solution). To 
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demonstrate areas of sclerosis or regions where the nerve fibres have 
been destroyed and have completely disappeared, the Weigert-Pal stain is 
employed. The principle of the method is to stain the whole section black 
with a modified hsematoxyhn stain. The stain is then removed from the 
diseased (scar) areas by means of bleaching agents like potassium perman- 
ganate or sodium sulphite. The normal fibres stain a deep blue-black, and the 
scar areas remain quite colourless, 

(3) Maechi’s Method. — Marchi’s fluid (a mixture of potassium bi- 
chromate and osmic acid) does not affect normal nerve fibres, but stains the 
sheaths of fibres in the early stages of degeneration black. The reaction can 
be obtained between the 8th and 21st day and is maximal about the 12th 
day. The mode of action of the stain is obscure. 

(4) Special stains must be employed to demonstrate non-medullated 
fibres. These techniques have revealed the very widespread distribution of 
non-meduUated fibres in the central nervous system. 


PROPERTIES OF THE MOTOR UNIT^ 

The Motor Unit. — Skeletal muscles receive their motor nerve supply 
from the ventral horn cells of the spinal cord and the corresponding cells in 
the motor cranial nuclei. Each ventral horn cell (or cranial equivalent) 
•supplies a considerable number of muscle fibres, varying with the individual 
muscle, from 5 to 150. A ventral horn cell and its efferent fibre is a motor 
neurone ; it is called by clinicians the lower motor neurone, A motor neurone 
together with the group of muscle fibres which it innervates is called a motor 
unit. The smallest group of muscle fibres that can ever be employed naturally 
in the body, either in reflex or voluntary activity, is obviously that supplied 
by a single motor neurone. The muscle fibres in one motor unit when thrown 
into tetanic (maximal) contraction yield a tension of 5-30 g. ; this then is 
the tension range that can result from the maximal discharge of a single 
ventral horn cell. A single twitch of a motor unit yields much smaller tensions 
(one-fifth the tetanus tension). The muscle fibres in the larger motor units 
are supplied by thicker fibres {e.g, 15 g), the smaller by finer fibres {e,g, 4 g). 
The size of the unit varies inversely with the precision of the movements 
performed by the part ; e,g, in the hmb muscles the xinit may contain 150 
muscle fibres, in the eye fewer than 5. 

All the efferent fibres passing to skeletal muscle are excitatory, i,e. they 
produce contraction of the muscle fibres. There are no efferent nerves which on 
stimulation produce relaxation or elongation of the muscle, i,e, there are no 
inhibitory efferents. [In the case of smooth and cardiac muscle the efferent 
supply is both excitatory and inhibitory.] Skeletal muscle contraction under 
natural conditions always results from discharge of the motor neurones ; 
muscular relaxation is the result of a decrease or cessation of discharge of 
the motor neurones (cf. p. 1127). 

Response of Muscle to Motor Nerve Stimulation. — (1) A single 
electrical shock of adequate strength applied to the motor nerve gives rise to a 

1 Fulton, Muscular Contraction and Reflex Control of Movement, London, 1926. For 
recent work on muscle action potential see Hodgkin and Nastuk, J, ceZZ. comp. Physiol., 
1950, 35, 39 ; Ho Igkin, Brit, med. Bull, 1950, 6, 322. 
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simple muscle twitch (Fig. 299). After a short latent period the muscle con- 
tracts and then relaxes ; the twitch is over in about 0*1 second. If the 
stimulus applied is of threshold strength it can (theoretically) excite one 
motor nerve fibre and its related group of muscle fibres, i.e. one motor unit. 
As the^ strength of the stimulus applied to the nerve is increased, more nerve 
fibres, and therefore more groups of muscle fibres respond, and the strength 
of the resulting contraction is correspondingly greater. With what is called 
maximal stimulation, all the nerve fibres are excited and consequently all 
the muscle fibres supplied by the motor nerve contract. 

(2) If a second maximal stimulus is applied at varying intervals after the 
first, the following results are obtained. If it falls during the latent period of 
the muscle (^.6. the first few milliseconds), the arrival of the nervous impulse 
produces no additional response — ^the muscle is said to be completely re- 
fractory. If applied later, a second muscular response results, leading to 
further development of tension {summation of effects) irrespective of the phase 





A B C 

Fig. 299. — Summation of Responses in Skeletal Muscle. (After Cooper 
and Eccles, J. Physiol., 1930, 69.) 


Isometeic Contraction Curves of Mammalian Nerve-Muscle Preparation. 

Ordinate* tension in kg. 

In each record the lower curve represents the response of the muscle to a single maximal 
stimulus to the motor nerve. The continuous thick line represents the response to the 
initial stimulus followed by a second stimulus. The second stimulus in A was applied 
during the rise of tension, in B at the height of contraction, and in 0 during relaxation. 

Purther development of tension occurred in each case. 

of the muscle cycle in which the stimulus is applied, i.e. whether during 
rising tension, the height of contraction or relaxation (Fig. 299). The tension 
resulting from two maximal stimuli applied successively at suitable intervals 
may thus be considerably greater than that from a single stimulus of the same 
strength. 

(3) If a series of maximal stimuli are applied at increasingly short intervals, 
increasingly complete degrees of summation take place. At low rates (in 
mammalian muscle, 10-20 stimuli per second) the ' mechanical fusion is 
incomplete and the muscle gives a tremulous response (partial or sub-tetanus). 
At higher rates (about 60 per second) the mechanical fusion is complete, and 
full tetanus resiilts (Fig. 300). It is essential to appreciate that the more 
complete the tetanus the greater is the tension exerted by the fibres, and the 
steadier their pull ; in fact, with full tetanus it may be almost impossible to 
detect the slightest fiicker in the mechanical record, though the electrical 
record shows a series of discrete waves corresponding to the arrival of each 
nervous impulse (Fig. 302, B). As maximal stimuli were employed in the 
experiments described in (2) and (3) above, the increase in tension produced 
by repetitive stimulation cannot be ascribed to more nerve and muscle fibres 
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coming into action. The greater tension of a tetanus compared with a twitch 
is thus due to each muscle fibre generating a greater tension when repetitively 
stimulated. 

These results are of the greatest practical importance. In both reflex 
acts and voluntary movements the behaviour of the motor units must depend 
on the character of the discharge from the motor neurones. It can be proved 
that their rate of discharge may vary from very low to very high levels, ^.e. 
from 5-10 to 100-150 per second ; the degree of tetanus resulting (^.e. whether 
partial or complete) and the consequent nature and strength of the con- 
traction will vary correspondingly in the way detailed above. Further, there 
is some delay (slight, it is true) before the tetanus develops its maximum 


Kg. 



(simple twitch). 

^ B 0 ^ j) — ^responses to rapidly interrupted maximal repetitive stimuli : 

’ A at 19, B at 24, 0 at 35, and D at 115 stimuli per second. Curves 
A, B, 0 show partial tetanus ; curve D shows full tetanus. 

Note as the frequency of stimulation rises the tension developed becomes 
greater arvd is sustained more steadily. 

tension, so that the duration of the motor neurone discharge may be of 
importance also. The degree of activity of each motor unit can thus be 
firmly graded from the centre. Further, the number of vptral horn cells 
activated during any reflex or other kind of act may be varied ; the number 
of motor units in action at any moment is thus regiilated, and obviously the 
larger the number of active motor units (all other factors being the same) the 
greater the tension resulting. Reference will be made to these principles 
again and again in subsequent sections (e,^. pp. 542, 585, 648), 

There is another point of great importance in connection with the low rates 
of motor neurone discharge. It may be argued quite properly that the result- 
ing partial tetanus, owing to its tremulous character, would be of little use 
either for maintaining positions or carrying out movements. This disadvantage 
is overcome in a subtle way by making the central discharge asynchronous. 
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i,e, the cells in what is called the motor neurone fool, which innervates the 
muscle, discharge out of step and do not fire off impulses simultaneously. As 
a result, the different muscle units are all (at any one moment) in different 
phases of activity ; when one group is contracting another is relaxing, and 
vice versa. Algebraic summation occurs, the individual variations are evened 
out and the muscle gives a steady pull. This idea is represented diagram- 
matically for two motor units in Fig. 301. These views will be used to explain 
the steady pull in decerebrate rigidity (p. 585) and other postures, and in weak 
movements such as those of the diaphragm in quiet breathing (p. 392). 

Muscle can contract under two sets of conditions : (i) isotonic, where free 
shortening is permitted and its degree can be recorded ; (ii) isometric, where 
shortening is reduced to a minimum and the tension developed is measured. 

Electrical Changes in Skeletal Muscle, — (1) Stimulation of a muscle 
through its nerve is ca.lled indirect stimulation. 

(i) When a muscle is stimulated 
indirectly, a locahzed potential first 
appears at the motor end plate as 
explained on p. 512. When this end plate 
potential attains a critical magnitude 
it generates a propagated muscle action 
potential which travels simultaneously to 
both ends of the muscle fibre (Fig. 302). 

(ii) A single stimulus produces a 
single muscle action potential ; it is 
completed during the phase of rising 
mechanical tension of the twitch (Fig. 
302, A). 

(iii) If the nerve is stimulated 
refetitively a muscle action potential 
develops in response to each stimulus in 
the series even when the mechanical 
record shows complete fusion of the 
contraction waves (Fig. 302, B). The 
electrical record thus indicates the rate 
at which the nerve is being stimulated. 

(iv) When an electrical stimulus is applied directly to a normal muscle, the 
response is due to stimulation either of the nerve fibres within the muscle 
or of the motor end plates ; the stimulation employed is thus still indirect. 

(2) Direct stimulation of the muscle fibres can be achieved after treatment 
of the muscle with curare which blocks neuromuscular transmission (p. 516). 

(i) When a curarized muscle is stimulated directly the sequence of events 
resembles that occurring in a stimulated nerve fibre. A local catelectrotonus 
is first produced ; when this reaches a critical magnitude a propagated action 
potential is generated (cf. nerve spike potential) which travels at a low velocity. 
The interior of a resting muscle fibre is negative compared with the surface ; 
during activity tJw surface becomes negative compared with the interior, i»e, the 
resting polarization is reversed (as in nerve fibre (p. 484:) and cardiac muscle 
(p. 240)). The muscle action potential is due to the movement of ions 
between the intracellular and extracellular fluids (of. p. 485). 

(ii) The shape of the action potential depends (as in nerve) on the recordiiig 



Fig. 301. — ^Asynchronous Discharge 
converting Partial Tetanus into 
a Steady Pull. 

Two motor units (A and B) are repre- 
sented, which are stimulated at the 
same low rate so that each unit 
responds with a partial tetanus and 
therefore with a tremulous con- 
traction, If the interyal between the 
onset of stimulation of A and B is 
suitably spaced (as explained in the 
text), the combined contraction of 
the two units leads not only to a 
greater tension but to a steadily 
maintained contraction (curve C). 
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ELECTRICAL CHANGES IN MUSCLE 

conditions. When one electrode is on an injured patch of muscle and the 
other is on intact muscle the wave is monopJidsic ; when both surface elec- 
trodes are on normal muscle the record is usually diphasic (cf. p. 485). 

(3) When a muscle is in a state of tone or is contracting voluntarily, the 
motor neurones (as explained on p. 585) discharge (*' fire ”) asynchronously^ 
The electrical record obtained under these conditions from the muscle as a 
whole (with belly-tendon or surface leads) shows rapid irregular variations, 
quite unlike the rh 3 ;i:hmic, repetitive pattern of the electrical record in Fig. 
302, B, which is the result of synchronous stimulation of all the motor nerve 
fibres. The belly-tendon or surface electrode leads record the sum of all the 
motor unit activity present at any moment in the muscle. In order to observe 
the rate of firing of individual motor units and, therefore, of individual ventral 



Fia,f302. — Mammalian Nerre-Mnsole Preparation. Electrical and Mechanical 
Changes in Skeletal Muscle in response to Motor Nerve Stimulation. 
(Sherrington et ah, Reflex Activity of S'pinal Cord, 1932.) 

m “mechanical record, e* electrical record of whole muscle. One recording electrode is placed 
on the belly of the muscle, the other on the tendon (belly-tendon lead). 

A. Kesponse to single stimulus. Diphasic action potential which is completed in the early part of 

the contraction phase. Time in 0-01 second. 

B. Response to stimulation at the rate of 67 per second. There is almost complete fusion of the 

mechanical contraction waves, but the action potential waves are distinct and discrete and 
follow the stimulation ate. 


horn cells, it is necessary to use a concentric needle electrode, i,e. a hypodermic 
needle down which a fine insulated wire is inserted so that the bare tip of the 
wire just shows at the point of the needle. This limits the electrical pick-up 
to the muscle fibres in the vicinity of the needle tip, and it is then relatively 
easy to record the activity of individual motor units and to determine their 
discharge rates (Fig. 419). 

(4) Although the motor unit is the physiological unit of muscle action, 
it is possible in cases of injury or disease of rhe lower motor neurone to record 
the action potentials resulting from the spontaneous random discharge of 
single muscle fibres or of groups of fibres constituting a fraction of a motor 
unit {fibrillation potentials, Fig. 303, A, B). The normal motor unit action 
potential is the sum of the action potentials of all the individual muscle 
fibres of which the tinit is composed. Thus the motor unit action potential 
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is of greater amplitude than the single fibre action potential ; it is also of 
longer duration because the muscle fibres of a motor unit do not fire off 
absolutely synchronously but with a temporal dispersion of some 5-10 
milliseconds (Fig. 303, N). 

Fatigue. — If motor nerve stimulation is repeated for a sufficient length 
of fatigue develops. The latent period of the contraction becomes 



!Fia, 303. — ^Normal Muscle Action Potentials and Fibrillation Potentials. (Weddell 
et al.. Brain, 1944, 67,) 

Eecords taken with concentric needle electrode in skeletal muscle in man. 

N, IIT. BeiiresentatWe action potentials of motor unit of normal muscle. Potentials 
are mainly diphasic. Ifote their magnitude and duration. 

A. PibriUation potentials in denervated muscle. The deflections are small and very 

brief. 

B. Occasional flbrillatlon potentials in another denervated muscle. 

C. Same muscle as in B after administering prostigmine (an anticholinesterase). The 

frequency of the fibrillation potentials is greatly increased. Time in 10 m.sec. 

longer, tte rise of tension is slower and smaller, and relaxation is more gradual 
and incomplete. Finally, the muscular response ceases altogether. If the 
muscle is now stimulated dvrectly it again responds well until finally fatigue 
once more sets in. The site of fatigue with indirect stimulation is obviously 
not in the muscle fibres themselves nor in the nerve fibres (which are for 
practical purposes unfatiguable) ; it is believed to depend on changes in the 
neighbourhood of the motor end plate, but their nature is unknown. The 
cause of fatigue of muscle to direct stimulation is also unknown. 
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All-or-None Relationship between Strength of Stimulus and Size 
of Response. — (i) When curarized skeletal muscle is stimulated directly, it 
displays the all-or-none relationship in the sense already de^ed for nerve 
(p. 489). The individual muscle fibre does not respond at all if the stimulus 
is too weak ; it responds maximally (for the prevailing environmental 
conditions) when the stimulus rises to threshold; the contraction is not 
increased if the stimulus strength is further raised. Stronger stimuli, however, 
progressively bring more muscle fibres into action and thus the tension of a 
muscle increases as the strength of the stimulus applied to it rises. 

(ii) Similarly when a motor nerve is stimulated the muscle fibres which it 
supplies always react to the best of their ability.” If a stronger stimulus 
is applied to the motor nerve more nerve fibres are activated and consequently 
more groups of muscle fibres contract, all of them to the best of their ability. 

(in) These results are of purely academic interest, because under natural 
conditions in the body, artificial stimuli of varying strength are not applied 
directly to the muscle or to its motor nerve fibres ; the nerve fibres are 
activated by a discha/rge from tJmr parent cells. More motor nerve fibres 
are brought into action in the body when more ventral horn cells discharge. 
It is very important also to appreciate that the responsiveness of the muscle 
is modified by many local conditions, and that both experimentally and 
naturally the same train of nerve impulses may lead to wide variations in 
resulting tension. Thus the mechanical response of a muscle to a maximal 
stimulus supplied to a motor nerve is greater with greater initial length of 
muscle fibre (within certain limits), or higher temperature ; it is also affected 
by the freshness of the preparation and the adequacy of the blood and oxygen 
supplies (it is diminished by fatigue or asphyxia). The response to stimulation 
at high rates, the tetanus, as already emphasized, has four or five times the 
tension of the twitch. It will be explained later that the muscle response is 
greatly modified by drugs such as cwra/re (p. 516) or eserine (cf. p. 515). 

Effects of Section of Motor Nerve. Lower Motor Neurone Lesion.^ — 
Injury or destruction of the ventral horn cells (or the cells in the motor cranial 
nuclei) or of the motor fibres supplying the muscles produces a characteristic 
series of changes. 

(1) Results oe Section oe a Motob Nebve. — (i) The nerve fibres distal 
to the point of section undergo degeneration (p. 496) ; this applies to both 
the efferent fibres (and ultimately to the motor end plates, infra) and to the 
afferent fibres (and the muscle sense-organs from which they arise). 

(ii) The ventral horn cells (and to a minor extent the cells of the dorsal 
root ganglia) undergo chromatolysis. 

(iii) The muscle fibres which have been deprived of their efferent nerve 
supply become completely paralysed ; all reflexes including reflex tone are 
abolished and so the muscles are flaccid. 

(iv) After three months the motor end plates become distorted or dis- 
appear. The denervated muscle fibres progressively shrink, presumably 
from disuse, for a period up to three years. Later, if re-innervation has not 
taken place, “ disruptive ” changes occur. The muscle fibres split longitudin- 
ally into individual fibrils and also fragment transversely ; later they are 
converted into tubes filled with deeply staining nuclei and granular material. 

1 WeddeU et ah. Brain, 1944, 67, 178. Bowden and Gutmann, ibid,, 273. KitcHe, 
ibid,, 314. 
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is much, longer than that of nerve fibres, the strength-duration curve is 
correspondingly altered. Fig. 304 shows that stronger stimuli or currents of 
longer duration must be employed to elicit a muscular contraction. Should 
the motor nerve fibres regenerate later, the curve gradually returns to the 
normal pattern (Fig. 305). When the denervated muscle fibres degenerate 
completely no response is obtained to electrical stimulation of any duration 
or (tolerated) intensity.^ 

(2) If the ventral horn cells are destroyed, no regeneration, and therefore, no 
recovery can occur. The functional loss is purely motor (and not sensory, too). 



Fio. 305. — Effect on Strength-Duration Curve of Human 
Muscle of Section of Motor Nerve followed by Resuturing 
and Regeneration of Motor Nerve Fibres. (Ritchie, 
Brain, 1944, 67, 322.) 

Ordinate : Strength of stimulus in volts. 

Abscissa : Duration of current flow in milliseconds 


ELECTRICAL AND CHEMICAL TRANSMISSION OF THE NERVE 

IMPULSE 

When a nervous impulse, travelling in an efferent peripheral nerve reaches 
the terminals of its fibr^, it produces a characteristic response in the effector 
tissue, e.g. contraction of skeletal muscle, increased or decreased activity of 
smooth or cardiac muscle, iSecretion of glands or discharge of autonomic 
ganglion cells. The question arises: what is happening at the “junctional 
tissue ” between the nerve terminals and the effector tissue, e,g. at the motor 
end plate, the synapsesan autonomic ganglia or the autonomic postganglionic 
endings in smooth muscle and glands. 

1 Reaction of Degeneration . — ^The motor point is stimulated with (i) a galvanic current 
of fairly long duration, (ii) an interrupted faradio current of much shorter duration. 
Normally innervated muscle responds to either form of stimulation. When the motor 
nerve fibres have complexly degenerated, the denervated (but intact) muscle fibres owing 
to their longer chronaxie do not respond to the faradic stimulus (as the duration of the 
current flow is too short) ; but the longer current flow of the galvanic stimulus is still 
effective if it is of sufficient stren^h. The loss of response to faradic stimulation with 
persistence of response to galvanic stimulation is called the reaction of degeneration. 
When the muscle fibres degenerate too, all electrical responses are abolished. 
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Two main views have been put forward : 

(1) The transmission process at nerve ends (like that responsible for 
conduction in the nerve fibre) is essentially electrical. ^ When the spike 
potential reaches the nerve ends it directly sets up a localized catelectrotonus ; 
when the latter reaches a critical magnitude it depolarizes the surface mem- 
brane of the adjacent tissue and thus stimulates it. 

Such a catelectrotonus has been demonstrated at the motor end plate 
(end plate potential) and at the synapses in autonomic ganglia (synaptic 
potential). A state of catelectrotonus may be associated with excitatory 
transmission at synapses in the central nervous system. The nature of the 
electrical change at autonomic postganglionic terminals is obscure. 

(2) The alternative view is that a chemical intermediary or chemical 
transmitter intervenes between the spike potential (nerve impulse) and the 
processes which stimulate the effector tissue. Chemical transmitters have 
been demonstrated : (i) at the terminals of all postganglionic fibres (sym- 
pathetic and parasympathetic) ; (ii) probably at the terminals of the vaso- 
dilator fibres in the dorsal nerve roots ; (iii) intervening between the spike 
potential and the end plate potential at motor end plates ; (iv) probably 
intervening between the spike potential and the synaptic potential in auto- 
nomic ganglia, (v) It has been argued that if chemical transmission occurs 
at the synapses in autonomic ganglia similar processes may be involved in 
transmission at the synapses in the central nervous system (p. 528). 

Nature of Transmitters. — Two chemical transmitters have been 
identified : (i) acetylcholine ; (ii) a substance which resembles adrenaline 
closely both chemically and in its pharmacological properties ; the cautious 
call this transmitter “ sympathin ” or “ adrenaline-like.’’ There is evidence 
that it may be a mixture of adrenaline and nor-adrenaline (adrenaline minus 
its terminal methyl group) in varying proportions (p. 722). In this account, 
this transmitter will for simplicity be called adrenaline. 

Cholinergic and Adrenergic Fibres. — Fibres which release acetyl- 
choline at their terminals are called cholinergic (i.e. acting through the 
mediation of acetylcholine) ; fibres which release adrenaline at their terminals 
are called adrenergic.^ In the peripheral nervous system, the only known 
adrenergic fibres are the postganglionic fibres of the sympathetic nervous 
system. The cholinergic fibres are of much wider distribution : they include 
the postganglionic fibres of the parasympathetic system ; all the pre- 
ganglionic fibres of the sympathetic and parasjnnpathetic systems, i.e. those 
endmg in autonomic ganglia ; the motor fibres to skeletal muscle ; probably 
the antidromic vasodilator fibres in the dorsal nerve roots supplying skeletal 
muscle. In addition there are some postganglionic fibres which though they 
belong to the anatomical sympathetic system, are cholinergic, e.g. the sym- 
pathetic supply to the sweat glands. 

Formation, Release and Destruction of Transmitters.^ — Acetyl- 
choline. — ^All cholinergic nerves contain the enzymes necessary for the syn- 
thesis of acetylcholine ® ; acetylcholine can be extracted from these nerves. 

1 Histaminergic fibres have also been recognized which release histamine at their 
terminals. They are found in the cutaneous branches of the dorsal nerve roots (p. 309). 

* Bum, Physiol. Rev., 1950, 30, 177. (Discussion of local action of acetylcholine, 
adrenaline and histamine.) 

’ The enzyme is called choline aeetylase. 
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It is thought that acetylchohne is synthesized within each cholinergic 
neurone, probably mainly in the cell body ; it is certainly diffused throughout 
the length of the axon. The arrival of the impulse at the peripheral nerve 
terminal alters the local permeability and so enables a small amount of 
acetylcholine to leak out, i.e, to be released from the fibre, and come into 
contact with the effector tissue. At cholinergic nerve terminals a specific 
enzyme, cholinesterase} is found in high concentration ; it hydrolyzes acetyl- 
chohne to chohne, which is comparatively inactive, and acetic acid. In this 
way the concentration of acetylchohne is rapidly reduced below threshold 
level thus preventing continued excitation. The chemical constitution of 
acetylchohne and related substances is shown below (cf. p. 867) : 
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Anticholinestebases.^ — Three quite distinct classes of chemical sub- 
stance have a powerful inhibitory effect on cholinesterase. 

(i) Compounds containing a urethane side chain, like eserine and prostig- 
mine. The urethane can be represented as -0-0C-N(Ri, R 2 ) (where 
or R 2 or both, are alkyl or phenyl groups, attached to a nitrogen grouping) ; 
the rest of the molecular configuration may vary considerably. In Formula 
A, (prostigmine) the urethane grouping has been underlined. If the urethane 


^^ O.CO.ITCOH.). 

N(CH,),.S 04 CH, 

Prostigmine 

A 



N(CH 8 )sS 04 CH, 
m-hydrozyphenyl trimethyl 
ammoniTun methyl sulphate 

B 


grouping is replaced hj an OH grouping (underlined) as in Formula B, the 
antichohnesterase activity disappears. 

These anticholinesterases act by the method of substrate competition. The 
hydrolysis of acetylcholine by cholinesterase depends on a pre limin ary umon 
of the two substances ; the anticholinesterases also unite with cholinesterase 
and to that extent prevent the latter from uniting with, and acting on, acetyl- 
choline. 

^ Whittaker, Physiol. Rev., 1951, 31, 312, 

2 KoeUe and Gilman, PharTnacol. Rev., 1949, 1, 1 66 
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This group of anticholinesterases can be further subdivided into tertiary 
and quaternary compounds. Expressed most simply, the tertiary compounds 
are hydrochlorides or sulphates ; the quaternary compounds are methiodides 
or methyl sulphates. The former are salts of tertiary ammonium bases ; 
the latter have their basic nitrogen atom in the form of quaternary ammon- 
ium groups. Eserine sulphate is a typical tertiary compound ; prostigmine 
(which is a methyl sulphate) is a typical quaternary compound. 

The graphic formulae set out below for two antichohnesterases, dimethyl 
carbamic hordenine HCl (tertiary) and dimethyl carbamic hordenine methyl 
iodide (quaternary), show these differences well. 


Typical Tertiary Compound : 
Dimethyl carbamic ester of 
hordenine hydrochloride 
O.OC.N(CH8)a 



CHa.GH8.N.(CH8)8.HCl 


Typical Quaternary Compound : 
Dimethyl carbamic ester of 
hordenine methyl iodide 



(ii) Di-isopropylffuorophosphonates (DFP) and related substances. 

(iii) Simple polyphosphates : tetra-ethyl pyrophosphate and hexa-ethyl 
tetraphosphate (Fig. 311 A, B). 

Adrenaline. — Extracts of adrenergic fibres contain adrenaline (and 
nor-adrenaline). The adrenergic neurones (hke the adrenal gland cells) pre- 
sumably synthesize adrenaline which is released at the postganglionic nerve 
terminals. It is thought that an enzyme called amine oxidase, rapidly destroys 
adrenaline and so prevents its undue persistence at the endings. It is claimed 
that the drug ephedrine inhibits the action of amine oxidase and thus prevents 
the adrenaline from being destroyed. 

The pharmacological actions of acetylcholine are described on p. 718, 
and those of adrenalme on p. 724. 


NEUROMUSCULAR TRANSMISSION ^ 

The motor fibre nerve, on reaching the muscle fibre, loses its medullary 
sheath ; the naked axis cylinder ramifies in a patch of granular nucleated 
muscle cytoplasm called the muscle sole (Fig. 306). The neuromuscular 
junctional region, is the motor end plate. The nerve filaments and the muscle 
tissue make extensive contact with one another but there is no continuity of 
tissue ; the specialized axon membrane separates the two tissues. When the 
nerve impulse (signalled by the spike) reaches the end plate it releases a 

1 Dale, Feldberg and Yogt, J, Physiol,, 1936, 86, 353 ; Brown, ibid,, 1937, 89, 220 
Eccles et al., J. Neurophysiol,, 1941, 4, 362, 402 ; 1949, 12, 69. KutSer, ibid., 1942, 6, 18’ 
309 ; 1943, 6, 99. Nachmansobn, in The Hormones (ed. Pincus and Thimann) N.Y., 1960, 2' 
Hunt and Kuffler, Pharmacol, Rev,, 1960, 2, 96. Feldberg, Brit. med. J., 1951, i, 967. 
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minute dose of a chemical transmitter, namely acetylclioline, whicli eitker 
directly, or, more probably, indirectly through, some further intermediary. 
“ depolarizes ” the end plate producing a localized non-propagated, electrotonic 
potential known as the end plate potential. When the end plate potential 



Fig. 306. — Motor End Plate. (Kuffler, J. 

NeuropJiysiol., 1942, 5, 197.) 

Photograph of living single nerve fibres (N) ending 
in a motor end plate (E.P.) on a single skeletal 
muscle fibre (frog). Upper figure is at smaller 
magnification than lower figure. 

attains a certain critical magnitude, it ‘‘ depolarizes ” the surface membrane 
of the muscle fibre setting up a propagated muscle action potential. The 
sequence of events is shown in the Table below. 

MuscU Fibre StimtilcUed through its 
Motor Nerve 

Nerve Fibre impulse (spike potential). 

I 

Impulse reaches end plate 

'I' 

Release of acetylcholine 

(?) Other consequential changes Development of 

^ muscle tension 

Local end plate potential (contraction) 

■i- t 

Propagated muscle spike potential->Complicated, 
ill-understood changes 

The appearance of the muscle spike potential just precedes the develop- 
ment of mechanical tension (Fig. 300). The causal relationship, if any, 
between these two events is not understood. Current views on the way in 
which muscular tension develops are discussed on p. 427 but they take no 
account of the muscle spike potential except in so far as it normally heralds 
the onset of physico-chemical changes in the muscle fibre. Certain types of 
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contraction are known wMcli are not accompanied by an action potential ; 
they are referred to as contractures. 

End Plate Potential. The most instructive preparation for the study 

of the end plate potential is one consisting of a single motor nerve fibre and a 

single muscle fibre (Fig. 306) ; the proximal 
recording electrode is placed on the end 
plate and the distal electrode on a point 
further away on the muscle fibre. 

(1) The preparation is treated with curare 
in a concentration which abolishes the 
propagated muscle potential, but not the 
end plate potential. Under these conditions 
(Fig. 307, e) stimulation of the motor nerve 
fibre produces a slowly rising and more 
slowly dechning negativity at the end 
plate; the deflection is monophasic, in- 
dicating that the disturbance is localized 
and not propagated ; it is the end plate 
potential (in a reduced form) which has 
not been followed -by a propagated muscle 
fibre potential. The potential is maximal 
at the end plate and rapidly diminishes in 
magnitude (decrements) with passage of 
time and with distance from the end plate 
(it disappears a few mm. away). 

With progressively weaker concentrations 
of curare, the response is modified as 
follows : 

(1) A sharp sfihe arises from the plateau 
of the end plate potential ; this represents 
the initial deflection of a propagated 
muscle potential as proved by the fact 
that it is followed by a final downward 
deflection. The initial spike and the final 
deflection together constitute the diphasic 
muscle fibre action potential (Fig. 307, d). 

(ii) With still less curare the end plate 
potential rises more rapidly to a greater 
height and is followed after a progressively 
shorter interval by the typical propagated 
muscle potential (Fig. 307, c, 6). 

(2) The response of an untreated single 
end plate can now be studied. In Fig. 
308 the proximal electrode was applied 
at varying distances from the end plate ; 

the distance in a was very small, 80 in 6 and 230 /z in c. The initial up- 
ward deflection in each case is the end plate potential ; because of typical 
decrement with distance it is smaller and more slowly rising in c and 6 
than in a. The end plate potential is followed in each instance by a propagated 
(diphasic) spike potential. In Fig. 308, e, the proximal electrode was applied 



Fig. 307. — ^Effect of Progres- 
sive Curarization on End 
Plate Potential. (Knffler, 
J. NeurophyaioL, 1942, 6, 
23.) 

Experiment on single nerve-miiscle 
fibre preparation fas in Fig. 
306). Proximal electrode on end 
plate ; distal electrode on 
muscle fibre. 

At signal (short vertical line) stim- 
ulate motor nerve fibre. 

e : End plate deeply coiarized. End 
plate potential only. No prop- 
agated potential. 

dfCfb: Progressively milder curar- 
ization. 

a : No curare (cf. Fig. 308, a, e). 
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exactly oa the end plate ; this enables the true course of the normal end plate 
potential to be followed. It is seen that the end plate potential rises rapidly 
to the full height of the spike of the propagated muscle action potential which 
it generates and then merges with it ; the fact that a propagated spike has 
been produced is proved by the succeeding descending deflection. 

(3) Summation oi* End Plate Potential. — Under deep curarization (as 
already mentioned) the end plate potential is reduced and is not followed by 
a propagated potential. If a second 
impulse arrives at the end plate before 
the previous end plate potential has 
died away, a second potential is super- 
imposed on the first (Pig. 309). The 
second potential is always bigger than 
the first when measured from its point 
of origin, i,e, the presence of the first 
end plate potential facilitates the de- 
velopment of a subsequent potential. If 
the two or more nerve stimuli are 
suitably spaced, the end plate potential 
is progressively built up, i,e, it undergoes 
summation, tOl it becomes big enough 
to produce a propagated disturbance, 
and the muscle responds. The properties 
of the curarized end plate, especially 
the phenomena of facilitation and sum- 
mation which it displays, are of great 
interest because they resemble in several 
respects the properties of synapses in 
gangha and in the central nervous 
system (of. p. 524 ; p. 533). 

The role of acetylcholine in the 
production of the end plate potential 
is described below. 

Acetylcholine as Chemical Piq. SOS.— Decrement of JEnd Plate 
Transmitter at the Motor End Potential with distance from 
Plate. — The principal experimental 

evidence is as follows : ^ ^ ’ . 

(1) Eeleasb oe Acetylcholine in ^ foUows : 

Indieeotly Stimulated Muscle. — ? • ftom end piate (of Fig. so?, a). 

i%i *i*ii**t* 0* oO ^ dlSXAljLCO iVOXXl 0nCl 

The cat’s tongue or hind limb is per- c : 230 /i distance from end plate, 
fused with fluid containiug eserine (to placed farther awaj 

inhibit the action of cholinesterase and on the muscle fibre, 
thus prevent the destruction of any 

acetylcholine that may be released (cf. p. 509)). Stimulation of the hypo- 
glossal nerve or the motor nerves to the leg, leads to the appearance of 
acetylcholiue which can be demonstrated iu the outflow fluid by appropriate 
tests (p. 719). 

(2) Acetylcholine produces Propagated Muscle Action Potentials 
AND Muscular Contraction. — It is necessary to demonstrate that the released 
acetylcholine is causally related to muscular excitation and contraction. 

17 
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(i) If acetylclioline in minute doses is injected into the blood vessels 
supplying a muscle (so-called close arterial injection) to obtain rapid access 
to the muscle fibres, it elicits a brief contraction of normal mammalian muscle 
in situ and with intact circulation. As small a dose of acetylcholine as 5 (xg, 
(= 0*005 mg.) may set up a contraction of higher tension than that resulting 
from maximal stimulation of the motor nerve with a single electrical shock. 
The muscular response to injected acetylcholine is not a simple twitch 
accompanied by a single spike potential ; it is a brief tetanus, the contraction 
being accompanied by asynchronous repetitive action potentials arising in 
many motor units which have been stimulated to short bursts of activity, 
but which are out of phase with one another. 

(ii) When a minute dose of acetylcholine is applied directly to the end 



Fig. 309. — Summation of End Plato 
Potentials in Ourarized Nerve-Muscle 
Preparation. (Eccles, Katz, and 
Kuffler, J, Neurophysiol., 1941, 4, 

377.) 

Small downstroke : application of stimulus (Sj 
or S 2 ) to the motor nerve. 

Note the summation of end plate potential. 

plate region, it sets up a small end plate potential which rises and declines 
slowly but remains localized ; higher concentrations set up a bigger and 
more rapidly rising end plate potential which on attaining threshold value 
sets up a propagated muscle potential (Fig. 310). Still higher concentrations 
produce repetitive responses from the muscle, the frequency of which goes up 
with increasing concentrations of acetylcholine. Acetylcholine, apphed else- 
where along the course of the muscle fibre, produces no potential changes. 

The muscle action potentials set up by injected or applied acetylcholine 
are identical in character with those occurring in the muscle on stimulation 
of the motor nerve. 

(3) E6le of Cholinesterase. — This enzyme, which rapidly destroys 
acetylcholine, is found in high concentration in the motor end plate region 
(but in much smaller amounts elsewhere along the course of the muscle 
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fibre). Its presence at this site 
ensures that tbe acetylcboline normally 
released in response to each, nerve 
impulse only gives rise to a single 
response of tbe muscle fibres and does 
not persist long enough or in sufficient 
concentration to produce the repetitive 
(subtetanic) responses seen when 
acetylcholine is injected intra- 
arterially. 

(4) Effects of Anticholine- 
sterases. — Anticholinesterases inhibit 
the action of cholinesterase and thus 
preserve acetylcholine which has been 
released naturally or has been injected 
into the circulation (cf. p. 509). 
Following the injection of one of these 
drugs, the response of skeletal muscle 
to maximal smgle shocks applied to the 
motor nerve is considerably enhanced 



Fig. 310. — ^Effects of applying Acetyl- 
ch-oline directly to Motor End Plate 
of Single Nerve Fibre-Muscle Fibre 
Preparation. (Kuffler, J. Neuro- 
physiol., 1943, 6, 102.) 

Proxinial electrode is at point of application of 


1?, prolonged ^g. ^ la coaceatratioa of 10-« 

311a). Electrical mvestlgation shows appUed to end plate sets up four propagated 

that Tinder these conditions each nerve (j) “t^Meutration pro- 

VoUeV reachins the muscle fibres pro- duces small localized negative (monophasic) 

duces not a Simple twitch, but a B. (c) Acetylcholine in concentration of 10*6 

response, i.e. a short tetanus which of (monophase) end plate 

course produces a greater tension than (6) Application of saline : no effect. 

(a) Acetylcholine in stronger concentration than 

tne tWltcn , tnus I?lg> 'OiiB snows 10*s produces a single (diphasic) propagated 

sustained electrical activity foUowing JZn?pSicf end “te pXm “ 

a single nerve stimulus. The anti- 
cholinesterase preserves the acetylcholine naturally released at the motor 
end plate for long enough above threshold concentration to enable it to 
produce repetitive responses analogous to those illustrated by Fig. 310. 



Imin. sec. 


Fig. 311a. — Effect of Anticholinesterase on Mechanical and Electrical Response 
of Nerve-Muscle Preparation. (ChenneUs, Floyd and Wright, J . Physiol.. 
1949, 108, 375) (cf. Fig. 311b). 


A. Cat. Chloralose. Isometric myogram of quadriceps muscle in response to maximal stimulation 
of motor nerve at rate of one in 2 sec. 

A. Control. 

B, C. After injection of anticholinesterase (tetraethyl pyrophosphate). The muscle response 

is enhanced (potentiated) and more prolonged (it is now a short tetanus not a twitch.) 

S. Record on slow drum (time scale, in mhautes). 

■d on fast drum (time scaf 
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(5) Response of Denekvated Muscle. — When the motor nerve is cut 
and time allowed for it to degenerate completely, direct stimulation of the 
muscle elicits a response which is 'yiot accompanied by a release of acetyl- 
choline proving that the transmitter is released only at the nerve endings in 
the motor end plate. Such denervated muscle is, however, much more 

sensitive to the effects of injected 

^ acetylcholine. This is an example of 

— more general phenomenon that 

denervated structures are more 

susceptible to the action of their 

7^--— natural transmitters. Thus the normal 

pupil does not dilate when adrenaline is 
introduced into the conjunctival sac; 
a good response is, however, obtained 
^ superior cervical ganglion is 
— \ previously extirpated and the post- 

— ganglionic fibres to the pupil are allowed 

- — ^ ‘-sss. to degenerate (of. pp. 721, 729). 

(6) Release of Acetylcholine. 

^ — It has been suggested that the nerve 

impulse may release acetylcholine from 

^ precursor at the end plate ; but 
there is no evidence to support this 
view. As explained on p. 608, cholin- 
o^g^o neurones can synthesize acetyl- 
choline, which is diffused throughout 

the length of the fibre. When the 

^ — . *" ^ impulse arrives at the nerve ending, 

_ ^ , it increases the permeability of the 

Fig. 31lB,~Action PotenMs of Quad- gg membrane locaUy, thus 

riceps Muscle (one of the Recording uuuo 

m . ' .n ^ in . 1 AVloKIlViri^ Oi^YV^A Q A*rYr li^ Kl i*\ll V\ A 4-rv l/M-k 1^ 


Electrodes is on the Belly of the 
Muscle, the other is on the Tendon, 


enabling some acetylcholine to leak 
out from the nerve terminals into 


i.e, Belly-Tendon Leads) in Response 
to Motor Nerve Stimulation at 
Rate of one in 10 sec. 

Eecords in each column to be read from left to 
right and from above downwards. 

Colunm 12-50, 3*51. Control. A simple diphasic 
variation develops in response to each 
stimulus. 

Anticholinesterase (hexaethyl tetraphosphate) 
then injected. Note at 4-13 and 5-53 that a 
single stimulus applied to the nerve produces 
a diphasic variation which is followed by 
repetitive after-activUy. 

At 5-59 and 6*06 this after-effect is very pro- 
longed (cf. Fig. 31lA). 


the “ muscle sole.’’ 

(7) Action of Curare. — Ithas been 
known since the experiments of Claude 
Bernard that curare progressively 
diminishes and finally abolishes the 
response of a muscle to indirect stimu- 
lation (t.e. to stimulation of the motor 
nerve) (Fig. 312). At this stage, 
however, direct stimulation of the muscle 
still produces a muscular contraction. 
As curare has no effect on the nerve 


fibre, Bernard rightly concluded that curare acted at the neuromuscular 
junction, ix. in the region of the motor end plate. After administration of 
paralysing doses of curare, nerve stimulation still results in a normal release 
of acetylcholine ; thus curare does not interfere with the release of the trans- 
mitter but prevents the released acetylcholine from producing a contraction. 
Similarly after curare, intra-arterially injected doses of acetylcholine which 
were previously effective, fail to cause a contraction (cf. p. 720). 
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Fig. 312. — ^Action of Curare on Response of Nerve-Muscle Preparation. Anti-Ourare 
Action of Anticholinesterase. (Chennells, Floyd and Wright, J. Physiol. ^ 1949, 
108, 384.) 

Isometric myogram of quadriceps (cat). Pemoral nerve maximally stimulated at rate of one in 2 sec 

At A, B. Inject curare preparation ; contraction height diminished. 

At C. Inject anticholinesterase ; recovery of contraction height. 

The experiments illustrated by Fig. 307 demonstrate that curare inter- 
feres with the formation of the end plate potential by the released acetyl- 
choline. As the end plate potential 
formed is too small to set up a 
propagated action potential no 
mhsoular contraction results. 

(8) Anti-curaee Drugs. — (i) The 
“blocking” action of curare at the 
end plate region can be overcome by 
administering an anticholinesterase 
(Fig. 312). The acetylcholine normally 
released is then preserved with 
resulting repetitive stimulation of 
the end plate. There is consequently 
progressive summation of the initially 
sub-thxeshold end plate potential 
(as in Fig. 309) tiU it attains a 
sufiS-cient magnitude to set up a pro- 
pagated muscle fibre potential and a 
contraction. 

(ii) Potassium salts (Fig. 314) and 
adrenaline, ephedrine and related 
substances (Fig. 317) also exert an 
anti-curare action. 

(9) Action of Botulinus Toxin. — 

The toxin of the botulinus bacillus 
paralyses the muscle by a peripheral 
action. In some unknown way, the 
toxin prevents the release of acetyl- 
choline at the end plate. 

Myasthenia Gravis.^— Myasthenia 
gravis is a rare disease, characterized 
by great muscular weakness and rapid 
onset of fatigue, but without any recognizable changes in the nervous system or 
in the muscles themselves. The muscles first and most affected are the external 
ocular, the facial, and those concerned with mastication and swallowing. 

1 Viets and Schwab, J. Amer. mei. Assoc., 1939, 118, 559. Walker, Lancet, 1934, i, 
1200. 



Fig. 313. — ^Effect of Anticholin- 
esterase (Prostigmine) on Muscle 
Power in Case of Myasthenia 
Gravis. (Burgen, Keele, and 
McAlpine, Lancet, 1948, i, 519.) 

At arrow inject 1-25 g, of prostigmine. 

JJ'p'p&r record : maximal duration of contarac- 
tion of muscles of hand and forearm. 

Lower record : Maximal power of contraction 
of these muscles. 
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The muscular disability is probably due to some disturbance of the 
normal mechanism of transmission of the impulse at the end plate to the muscle 
fibres. Among the factors that have been examined are : (i) insufficient 
release of acetylcholine; (ii) abnormally rapid destruction of acetylcholine 
due perhaps to excessive local cholinesterase activity ; (iii) presence of an 
abnormal curare-like substance hampering access to the muscle fibres of 
normally released acetylcholine. The evidence indicates that (iii) may be a 
causal factor.^ In patients a substance is present in the blood leaving the 
muscles (especially active muscles) which depresses the response of an 
isolated nerve-muscle preparation to motor nerve stimulation. The following 
experiment shows that similar depression occurs in the patient : the arm 
muscles are exercised for about 4 minutes with their circulation completely 
occluded (by means of cuffs on the upper arms inflated to 200 mm. Hg). 
When the occlusion is released, muscles elsewhere in the patient show increased 



A B 


Fig. 314. — ^Anti- curare Action of Potassium Salts. (Wilson and 
Wright, Quart. J. exp. Physiol., 1936, 26.) 

Isometric records of response of gastrocnemius (cat) to motor nerve stimulation 
(at intervals of 10 seconds) and blood pressure. 

A. Formal muscle response. At arrow inject SO mg. of KOI (as 3% solution) 

intra-arterially. A slight contracture develops. 

B. Between A and B inject curare to reduce the response to nerve stimulation 

substantially. At each arrow inject again 30 mg. of KOI (3% solution). 

Note in each case the immediate increase in the muscle response, which 
subsequently declines. 

weakness after a latent period of 10 seconds to 4 minutes ; thus the upper lids 
show increased drooping (ptosis) and the facial muscles become feebler. It is 
noteworthy too that the distribution and character of the weakness in 
myasthenia gravis closely resemble those seen after injection of small doses of 
curare in man. 

Administration of a suitable anticholinesterase, e.g. prostigmine or 
tetraethyl pyrophosphate (which protects acetylcholine from destruction) 
produces very striking clinical improvement : when so treated, patients with 
marked facial weakness and unable to swallow or get out of bed, rapidly 
develop a striking increase in muscular power (Fig. 313). They are able to eat 
a hearty meal, walk or run around the room, and perform light manual work. 
The beneficial effects last for a number of hours, depending on the drug and 
the size of the dose used. The anticholinesterase chosen should be one with 

and Stoner, Quart. J. Med., 

1944, 13 , 1, 



FAMILIAL PERIODIC PARALYSIS 


519 


a selective action on end plates ; its peripheral action at parasympathetic 
ends (which would give rise to undesirable side actions such as slowing of the 
heart, fall of blood pressure, violent and painful intestinal contractions) is 
kept in check by means of atropine. 

Certain other drugs with an anti-curare action have proved beneficial in 
myasthenia gravis though they do not antagonize cholinesterase. Among 
the more important are 'potassium salts {irl^ra), adrenaline (p. 522), and 
ephedrine (p. 511). The beneficial action in myasthenia of so many diverse 
substances with only theic anti-curare action in common supports the sug- 
gestion abeady made that in myasthenia some metabolic disorder may lead 
to the liberation of a curarizmg agent. 

Role of Thymus . — In many case of myasthenia gravis the thymus gland 
is enlarged. Surgical removal of the gland has been carried out in some 
patients, often with considerable ^24 
benefit in respect of muscular ‘I 
strength : a few patients have re- ^ ^0 
covered completely, but the majority $ 
reqmred continued prostigmine | ‘ 
therapy, though smaller doses of § 12 
the drug were needed. It has been 


important part in the production of ^ 
myasthenia gravis by liberating a ^ 


suggested (without adequate evidence) ^ 8 
that the thvmus may play an ^ . 



curare-like substance. Fig. 315.— Blood Changes in Attack of 

R61e of Potassium in Neuro- Familial Periodic Paralysis. (Aitken, 
muscular Transmission and Walker, Glin, 

Musculo Contraction.i-(l) Intxa- 

arterial miection of potassium salts timions line) daring an attack of paralysis in- 

« ino Q 10 / duced by taking 225 g. of glucose (first arrow). 

{e.g, 100 mg. m tne form 01 a i/o The black band along the abscissa indicates the 

solution of KCll produces a powerful appearance and development ofsymptoms; they 

, ^ . j coincide with the decline in semm K+, and axe 

muscular contraction accompamecl relieved by the administration of 12 g. of KCl 

by normaUy propagated, repetitive 
action potentials, i.e. a short tetanus 

results. The response is indistinguishable electrically from that produced 
by acetylchoKne. Potassium ions act selectively on the motor end plate. 
It has been suggested that acetylcholine, normally released or injected, 
somehow liberates potassium ions which are dbectly responsible for the 
production of the end plate potential. 

(2) Solutions of ionized potassium salts have an anti-curarizing action. 
Fig. 314 shows that muscle responses to indbect stimulation which have been 
greatly reduced by the action of curare are rapidly restored to almost normal 
levels by repeated injection of KCl solutions. 

(3) Familial Periodic Paralysis.^ — This rare disease is characterized by 
attacks of paralysis which come on at irregular intervals. The fault lies 
peripherally : during an attack, stimulation of the motor nerve trun k s or of 
the skin over the muscle elicits no response. The muscle thus reacts neither 


^Wilson and Wright, Qvxt/rt, J. exp. Physiol.^ 1936, 26, 127. Brown, J. Physiol., 
1937, 91, 4P. Fenn, Physiol. Rev., 1940, 20, 377. 

^ Gass et al., Medicim, 1948, 27, 105. 
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to indirect nor direct stimulation. The attacks can be artificially produced 
in subjects of the disease by administration of large amounts of glucose, 
which are known to lead to a marked fall of serum 'potassium {e,g. from the 
normal level of 16-20 mg-% to about 10-12 mg-%). Symptoms of paralysis 
develop when the serum K+ falls below 12 mg-% (Fig. 315). The rise of blood 
sugar itself is not the causal agent, because attacks can also be produced by 
an injection of insulin which likewise lowers the serum K"^, but of course also 
lowers the blood sugar. The administration of KCl (e.g. 12 g.) causes recovery, 
beginning in 10 minutes and becoming complete in about 7 hours, and is 
associated with restoration of the serum K+ level.^ 

The evidence as a whole suggests that K+ may have a dual rdle : (i) it 
may be concerned with neuromuscular transmission ; (ii) the esfccitability 
and other properties of muscle may depend to some extent on the relative 
concentrations of K+ within and without the fibres. 

Myotonia Congenita.^ — In this rare congenital disease, when the 
patient starts to perform a voluntary movement, the muscles are thrown into a 


MOTOR NERVE STIMULATION 


SYMP 


SYMP 


SYMP 




Fio. 316. — Effect of Sympathetic Stimulation on Fatigued Skeletal Muscle of Frog. 

A series of rapidly recurring twitches were produced by stimulating the motor roots till signs of 
fatigue appeared. The sympathetic nerves were stimulated for the periods indicated by the 
signal above. After considerable latency the twitches increase in size, the maximum effect 
occurring after cessation of sympathetic stimulation. (After Orbell, Pavlov Jubilee Volume^ 1924.) 


state of spasm which gradually passes off ; thus if he yawns the mouth remains 
open for some time. As the movement is repeated the muscles become more 
supple. If the muscle is stimulated electrically, contraction persists for a 
considerable time after stimulation is discontinued. An interesting strain of 
goat has been discovered in the U.S.A. suffering from a condition indistinguish- 
able from human myotonia ; as a result the condition can be examined 
experimentally. The muscles are extremely sensitive to mechanical stimula- 
tion; tapping, for instance, produces a long lasting contraction which is 
due to a long lasting tetanus in groups of muscle fibres, accompanied by 
normal action potentials. The response is obtained after cutting the motor 
nerve. The response of the muscle to a single motor nerve stimulus is not a 
twitch but is repetitive, and the tension is correspondingly greater than in 
normal animals. At the end of a bout of stimulation at a rate of 50 per 
second (to produce a tetanus), the muscle remains tetanically contracted as 
it does after sudden exertion in this disease. The abnormal sensitivity to 
mechanical stimulation is unaffected by curare or complete degeneration of 
the motor nerve ending ; it is, however, progressively reduced by bouts of 

1 Aitken et al, Clin, Sci,, 1937, 3, 47. AUott and McArdle, ibid., 1938, 3, 229. 

® Brown and Harvey, J, Physiol,, 1939, 96, IIP. Kolb, Johns Eopk, Hosp, Bull,, 
1939, 63, 221. Denny-Brown and Nevin, Brain, 1941, 64, 1. 
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stimulation at low rates, e.g, 5 per second. Sensitivity to intra-arterially 
injected acetylcholine is unchanged, but the duration of the response is 
increased. Sensitivity to injected potassium salts is however far greater. 
Myotonia is probably not due to an abnormality of neuromuscular transmission 
but to changes in the excitability of the muscle fibres themselves. 

Quinine has proved helpful cHnically ; and it similarly relieves the 
myotonic condition in the goat. 

Action of Sympathetic on Skeletal Muscle. — (i) Non-meduUated sym- 
pathetic postganglionic fibres pass to the blood vessels of skeletal muscle 
(p. 308). It has been claimed that these nerve fibres also end on the surface 
of the sarcolemma of the muscle fibres ; these claims are probably incorrect. 

(ii) The sympathetic iimervation is not responsible for the maintenance 



Fig. 317. — Anti-Curare Action of Adrenaline. (Wilson and Wright, 

Quart. J. exp. Physiol., 1936, 26.) 

Above : isometric contractions of gastrocnemius in response to motor nerve 
stimulation ; below : blood pressure. The response of the muscle has been 
greatly reduced by previous injection of curare, the effect of which was 
becoming progressively more intense. Inject (A) 60 mg XCl (cf. Fig. 314) ; 

(B) 0-02 mg adrenaline : note slow initial rise of muscle tension in response 
to stimulation ; at 0 cut both vagi in the neclc. Note that the three procedures 
produced roughly equivalent pressor effects ; the pressor effect of vagal section 
was, however, not accompanied by any improvement in the muscle response; on 
the contrary, the responses decreased as the effect of the curare reasse^d itself. 

of skeletal muscle tone which depends on a proprioceptive reflex arc involving 
the somatic nervous system alone (p. 582). 

(iii) Sympathetic stimulation antagonizes the onset of fatigue in skeletal 
muscle ; its mode of action is unknown. Orbeli recorded the contraction of 
frog’s muscle in response to tetanic stimulation of the motor nerve repeated 
at short intervals. Fatigue gradually set in, as shown by diminution in the 
height of the contraction. The sympathetic supply of the muscle was now 
stimulated (the motor stimulation was continued throughout the experiment) ; 
after a considerable latent period the size of the contractions became greater, 
and this effect persisted for some time after sympathetic stimulation was 
discontinued (Fig. 316). Stimulation of the sympathetic alone produces no 
recognizable effects on resting muscle. 

(iv) There is evidence that adrenaline (which is the sympathetic trans- 
mitter (p. 508)) produces similar effects ; its injection may also increase 
the excitability and contractility of unfatigued muscle above normal limits. 
Orbeli’s results (supra) may be due to the sympathetic fibres to the skeletal 

17 * 
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hlood vessels liberating adrenaline, some of which diffuses out to affect the 
neighbouring muscle fibres. 

A more striking effect of adrenaline in muscle is its anti-curare action 
which develops more slowly and is not so marked as that of K+ ions 
(Fig. 317) ; the response is not due to the accompanying changes in the 
circulation. Adrenaline (and related substances like epEedrine) increase 
muscular power in myasthenia gravis (p. 519). 


TRANSMISSION OF NERVOUS IMPULSE FROM NEURONE 
TO NEURONE (SYNAPTIC TRANSMISSION). TRANSMISSION IN 
AUTONOMIC GANGLIA.! 


In the central nervous system and in autonomic ganglia, impulses pass 
from one neurone to another ; conduction is always unidirectional, i,e, the 

impulse always passes from 
the terminals of the axon of 
neurone 1, to the dendrites 
and ceU body {soma) of 
neurone 2. The ‘‘ junctional ” 
region between the terminals 
of neurone 1 and the surface 
membrane of neurone 2, is 
called the synapse. 

The histology of the 
synapse has been most care- 
fully studied in the grey 
matter of the spinal cord. 
The afferent nerve fibres 
which impinge on the surface 
membrane of (for example) a 
ventral horn cell, end in small 
varicosities called synaptic 
terminals {boutons, pieds 
terminaux). There is intimate 
contact but no physical 
continuity at the synapse : 
two membranes intervene 
of the cell body and the 
One ventral horn cell receives 



Fig. 318. — Structure of Synapse. (Lorente de No, 
J. Neurophysiol., 1938, 1, 195.) 

The drawing shows afferent fibres ending on the surface 
membrane of a cell in the spinal cord. 

Note : (i) the swollen synaptic terminals ; (ii) the terminals 
of each afferent filament come in contact with a 
restricted part of the cell membrane. 


between the two neurones, the membrane 
membrane of the impinging nerve filaments, 
synaptic terminals from many hundreds of afferent fibres ; the cell is thus a 
convergence point. Fig. 318 shows that the synaptic terminals of any one 
afferent fibre make contact with a very restricted region of the surface mem- 
brane, and do not cover this area completely ; the synaptic terminals of one 
afferent fill up the gaps on the membrane left by the terminals of another 
afferent. Any continuous patch of the membrane of the cell body is covered 
by the terminals from several afferent fibres. The same kind of arrange- 
ment probably exists in the synapses of the autonomic ganglia. It should 


^Feldberg and Gaddum, J. Physiol., 1934, 81, 306. Brown, Physiol. Rev., 1937, 17, 
486. Eccles, Ergeb. Physiol,, 1936, 38, 339. Bronk, J. Neurophysiol., 1939, 2, 380 
Ecoles, J. Physiol., 1943, 101, 465. 
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be noted that by contrast with synapses, the motor end plate contains only 
one incoming fibre and its terminals. 

Transmission of the impulse from neurone to neurone {“ neuro-neuronal ” 
transmission) depends on the processes occuring at the synapse. Both the 
anatomical arrangements and the processes involved are simpler in auton- 
omic ganglia than in the central nervous system. Synaptic transmission in 
autonomic ganglia will therefore be considered first. 

Transmission in Autonomic Ganglia. Evidence for Cholinergic 
Transmission. — (i) When an autonomic (usually sjTmpathetic) ganglion is 
perfused with eserinized saline (to preserve the acetylcholine), stimulation 
of the preganglionic fibres causes the release of acetylcholine, which can be 



Fig. 319. — ^Acetylcholine stimnlates Antonomic Ganglion. 
Effect of calcixuh and potassium ions on the response. 
(Bronk, J, Neurophysiol., 1939, 2 , 293.) 

The yertical lines in the tracings are action potentials (i.e. impulses) 
recorded from a single postganglionic fibre and thus representing 
the discharge of a single ganglion cell. 

The ganglion was perfused with Singer’s solution containing 40 fig. 
of acetylcholine/cc. 

Middle record (normal) : the solution causes the ganglion cells to dis- 
charge, The Ca++ and K+ content of the penusing fluid was 
modified in the imper and lower records. 

Left-hand column : High Ca++ decreases and low Ca++ increases the 
discharge rate. 

Right-hand column : high E1+ increases and low K+ decreases the 
discharge rate. 

Interrupted horizontal lines : time in 0*5 sec. 


demonstrated in the fluid coming away from the ganglion by the methods 
described on p. 720. 

(ii) Direct application of acetylcholine to ganglion cells causes them to 
discharge (Fig. 319) ; so does intravenous injection of acetylcholine as is best 
shown in the atropinized animal (p. 719). Atropine does not “ block ” 
transmission in ganglia, though it does " block ’’ transmission at choliuergic 
postganglionic terminals. The frequency of the discharge of the ganglionic 
cells is increased on increasing the acetylcholine concentration emplo]^ed, 

(iii) ions also cause the ganglion cells to discharge (they also stimulate 
motor end plates (p. 519)). A concentration of K+ ions in the perfusing fluid, 
which in itself is insuffcient to stimulate the ganglion, enhances its response 
both to preganglionic stimulation and to applied acetylchoUne. Fig. 319 
shows that with a constant concentration of acetylcholine, the frequency of 
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discliarge of tlie ganglion cell is increased by doubling the K+ ion concentration, 
and is decreased by the absence of K+ ions from the perfusion fluid. It 
has, therefore been suggested that (as in^ muscle), acetylcholine releases 
K+ ions which act directly on the ganglion cell membrane. Oa++ ions 
have the reverse effect of K+ ions, i.e. they depress transmission in ganglia 
(Fig. 319). 

Synaptic Potentials in Ganglia. — When an impulse in a preganglionic 
flbre reaches a ganghon cell, it sets up a localized synaptic potential closely 
resembling in its properties the end plate potential in muscle. When the 
synaptic potential attains a critical level, it alters the state of the cell mem- 
brane sufficiently to generate a propagated spike potential, i.e, a nervous 
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Fio. 320. — Synaptic Potential in Sympathetic Ganglion. (Eccles, J, Physiol,, 1943, 
101, 470, 472.) 

Experiment on the stellate ganglion. IThe stimulus is applied to the preganglionic nerve. 

Recording electrodes : the proximal is on the gangUon ; the distal is on the postganglionic fibres. 

The small vertical line represents thp application of the stimulus. In 1 and 2 the point of stimulation is 
also sho^vn by a minute deflection, the “ stimulus artefact.” 

1. Oangion^deeply curarized. Note the small slowly rising localized (n^onophasic) negative synaptic 

2. Lighter curarization. The synaptic potential rises more abruptly and to a greater height. 

y, 4. Lightly curarized ganglion. Two stimuli are applied. Summation of synaptic potentials results 
from the two successive preganglionic volleys of impulses. 

In -1 (he second stimulus is applied after a longer interval than in 3. 

Ti.ae 6»eaie, 00 m.sec. 


impulse, in the postganglionic fibre. It is presumed that, as in muscle, the 
sequence of events is as follows : nervous impulse in preganglionic fibre ; 
release of acetylcholine at synaptic terminals ; (possibly) release of K+ ions ; 
local (non-propagated) synaptic potential; spike potential starting in the 
membrane of the ganglion cell and travelling down the postganghonic fibre. 

If a suitable concentration of cura/re is applied to a ganglion, a single volley 
of impulses, travelling along the preganglionic fibres, still releases acetylcholLie 
which sets up a local synaptic potential only (Fig. 320, 1,2); this potential 
is too small to stimulate the ganglion cells and so no discharge occurs along 
the postganglionic fibres. Repetitive stimulation of the preganglionic fibres 
produces summation of the synaptic potential which thus progressively 
increases in magnitude (Fig. 320, 3, 4). When it attains a critical size it 
stimulates the ganglion cells to discharge. 







PROPERTIES OF GANGLIONIC TRANSMISSION 525 

The ganglion cell is the cell body of a nerve fibre of the C type ; as in G 
fibres the spike potential of the ganglion cell is followed first by a negative 
and then by a positive after-potential (cf. Fig. 293, C). During the negative 
after-potential the cell is more excitable and during the positive after- 
potential it is less excitable, to stimulation. 

Properties of Ganglionic Transmission. — Spatial Summation. — A ny 



Ni ALONE 

N2 alone 

N| + N2 liiiiiiininmnnii 


Fig. 321. — Diagram of Spatial Summation. 

G=a ganglion cell ; r=its postganglionic fibre. 

Ni, N 2 = preganglionic fibres ending on G. 

Jlight-hand side : record of impulses in single postganglionic fibre. 
Stimulation of Ni or N 2 alone : no response of ganglion cell. 
Simultaneous stimulation of Ni plus N 2 : ganglion cell discharges. 


single preganglionic fibre ends on several ganglion cells ; it follows therefore 
that any single ganglion cell is a convergence point at wliich several pregang- 
lionic fibres end (Fig. 321). It is probable that before a ganglion ceU can 
discharge, a synaptic potential of adequate magnitude must develop in a 
sufficient a/rea of the surface membrane. Thus a stimulus applied to a pre- 
ganglionic fibre Ni or Ng (Fig. 321) may produce a synaptic potential which 
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Fig. 322. — ^Temporal Summation in Ganglion. (Brohk, Amer. J, Physiol.^ 1938, 

122 , 8 .) 

Non-perfused sympathetic ganglion repetitively stimulated through its preganglionic nerve. The action 
potentials are recorded from the postganglionie nerve. 

The height of the action potentials recorded is a measure of the number of postganglionic fibres in 
action and, therefore, of the number of ganglionic cells discharging. 

Lower record : Time in 0-6 sec. 

Note how with repeated stimuli the action potentials recorded from the postganglionic nerves increase 
in magnitude indicating that a larger number of ganglion cells is discharging. 

is too small or too restricted in area to cause the ganglion cell to discharge ; 
such a level of excitation of the cell is called subliminal. But if and N 2 are 
stimulated simultaneously their individual synaptic potentials are summated ; 
the greater size and area of the resulting synaptic potential excites the 
cell and a discharge occurs. Such a process is called spatial summation 
because it involves activation of a larger area of the surface membrane 
(cf. p. 533). 

Temporal Summation. — It is known that the chemical transmitter and 
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the synaptic potential, to which it gives rise, persist for some time. In the 
curarized ganglion it was shown that repetitive stimulation may build up the 
synaptic potential from subliminal to threshold level. A similar process 
possibly occurs in non-curarized ganglia (temporal summation). Kg. 322 
shows that repetitive stimulation of a preganglionic nerve gmdually pro- 
duces an increase in the amphtude of the postganglionic spike potential, 
indicating that more ganglion cells are being (progressively) stimulated, i.e, 
cells which were initially stimulated subliminally, finally respond to a 
succession of impulses when these have built up the synaptic potential to 
threshold level (cf. p. 534). 

After-Discharge. — Under some circumstances, on cessation of pre- 
ganglionic stimulation, the ganglion cells continue to discharge (Fig. 323). 



!Fig. 323. — ^After-discharge of Ganglion Cells. (Bronk, J, 
NewophysioL, 1939, 2, 387.) 

Record of action potentials in postganglionic fibres, representing 
result of discharge of ganglion cells. During the period indicated, 
the preganglionic fibres were stimulated for 20 sec. at 60 per sec. 

On cessation of stimulation the ganglion continued to discharge (at 
decreasing frequency) for 27 sec. 

(Read record from left to right and from above downwards.) Time 
in 0-5 sec. 

This “after-discharge’* maybe due either to the persistence of the transmitter 
which had been released during the period of stimulation or to continued 
release of the transmitter after stimulation had ended (of. p. 539). 

So far both temporal summation and after-discharge in ganglia have been 
demonstrated only under unphysiological conditions. 


REFLEX ACTION. SYNAPTIC TRANSMISSION IN CENTRAL 
NERVOUS SYSTEM! 

Reflex Action and the Reflex Arc. — A reflex act is usually defined 
as the response resulting from the passage of nervous impulses through a 
reflex arc. This begs the question to some extent, because the reflex arc 
itself must next be described. A reflex arc consists of an appropriately 
arranged chain of neurones, with two — afferent (receptor) and efferent (effector, 

^ Skerringtou, Integrative Action of Nervous System, new edn., Cambridge, 1947. 
Creed, Denny-Brown, Eccles, Liddell, and Sherrin^on, Beflex Activity of Spinal Cord, 
Oxford, 1932. Selected Writings of Sir Chas. Sherrington, ed. Denny-Brown, London, 1939. 
Lorente de No, J. Neurophysiol, 1939, 2, 402. Lloyd, Physiol, Rev,, 1944, 24, 1. Eccles, 
J, Neurophysiol,, 1947, 10, 251. 
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excitor) — as the minimum. The afferent neurone leads from the receptot 
(sensory) organ (cutaneous, muscular, or special sense) via a dorsal nerve 
root or its cranial equivalent into the central nervous system ; the nutrient 
cell is in the dorsal root ganglion (or cranial equivalent). The efferent 
neurone supplying skeletal muscle has its cell body in the central nervous 
system (ventral horn cell or motor cranial nucleus), and the efferent fibre 
passes out in the ventral nerve root (or motor cranial nerve) to the muscle 
(effector organ). (In the case of viscera the efferent side of the arc has a 
more complex arrangement, cf. p. 704.) In only a few spinal reflexes (one of 
these is the stretch reflex) is the minimal number of two neurones, involved ; 
generally one, several, or many connecting or internuncial neurones [inter- 
neurones) intervene between the afferent and efferent neurones. The inter- 
neurones may be situated in the same segment of the spinal cord, or the 
afferent fibre may pass up or down in the spinal cord for varying distances 
before relaying ; itimately the interneurones establish connections with 
the effector neurones (cf. p. 529). 

The effector neurones [motor neurones), called clinically the lower motor 
newrones, e,g, ventral horn cells and fibres, constitute the final common path 
or sole available route to the skeletal muscles. They are the sole path which 
all impulses, no matter whence they come, must travel, if they are to act on the 
muscle fibres to which they lead. Afferent impulses originating at different 
distant points and passing through paths widely separate in the brain, 
converge to the same motor mechanism — ^the final common path, and act 
harmoniously upon it. 

The definition of reflex action given above is essentially anatomical and 
is too general in character because it could easily be made to include almost 
every form of neural activity ; thus the most complex and deliberate volun- 
tary act is, on ultimate analysis, the response to impulses which have at some 
preceding time entered the central nervous system. Certain other criteria 
are therefore often employed. The response must be inborn and be present 
in all members of the species. These additional considerations exclude the 
so-called co9iditioned refiexes (p. 675) or habits and other motor acts which are 
acquired after birth as the result of a process of conditioning, training, or 
learning. The moment of birth is an arbitrary Hmiting time, because the 
central nervous system is not anatomically completed in the higher animals 
till later, e.g, some of the long tracts have not yet acquired medullary sheaths 
along their entire course. A reflex response is said to occur without the 
necessary intervention of consciousness,” and to be involuntary.” Un- 
fortunately, it is very dijEcult to define a voluntary act (cf. p. 646). Certain 
acts which are generally thought of as voluntary, e.g, walking, may be carried 
out successfully with a minimum of attention and with the mind devoted to 
other matters. Stress is also laid on the l&vel in the nervous system through 
which the arc passes, Le, the so-called “ centre ” for the reflex. If the 
“ centre ” is in the spinal cord, brain stem, or basal ganglia, the reflex nature 
of the response is not questioned, but if it is in the cerebral cortex doubts 
may arise. 

Reflexes are often described as machine-like and inevitable responses to 
afferent stimuli. This description is true when only the general character of 
the reaction is considered, but when examined in detail the reflex response 
usually shows a considerable measure of variability and is modified by 
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environmental changes, and especially by the “ previous history ’’ of the reflex 
centre. Complexity of response is not a criterion ; for some reflexes are very 
elaborate and may involve the greater part of the body. Generally speaking, 
reflex responses become more variable in pattern as the centre lies at higher 
levels in the central nervous system. 

Transmission in the Central Nervous System. — Two fundamental 
differences exist between autonomic ganglia and the central nervous 
system. 

(1) All preganglionic fibres of the autonomic system are excitatory to 
ganglion cells ; i.e, when preganglionic impulses reach the synaptic terminals, 
stimulation of ganglion cells occurs. Afferent fibres in the central nervous 
system on the other hand may be either excitatory or inhibitory. An excitatory 
afferent, when stimulated, causes a discharge from central ventral horn cells 
and consequently, contraction of the corresponding muscle fibres ; when an 
inhibitory afferent is stimulated it diminishes or arrests the discharge of 
certain ventral horn cells and the corresponding muscle fibres consequently 
relax. Two types of central transmission therefore occur, excitatory trans- 
mission and inhibitory transmission (Fig. 324). 



exciT. |m.n. inhib. 

Fig. 324. — ^Antagonism of Central Excitation and 
Central Inhibition. 

Motor Neurone. 

Excit., Inhib. «= afferent excitatory and afferent inhibitory 
fibre. 


Although central transmission has been intensively studied the exact 
nature of the process is still obscure. As central excitation and central 
inhibition can mutually annul or neutralize one another they may be due to 
processes which are opposite in sign. 

(i) Central Excitation. — ^Arguing from the analogy of the end plate potential 
and. the ganglionic synaptic potential, it will be assumed here that central 
excitation is ultimately due to the development of a synaptic potential on the 
affected cell. This potential is conceived as a localized negative electrotonus 
{catelectrotonus) ; when it involves a sufficient area of the surface membrane 
of the cell and attains an adequate magnitude it causes excitation (discharge) 
of the ceU. 

(ii) Central Inhibition. — Conversely central inhibition is here attributed 
ultimately to the development of a localized positive electrotonus [anelectro- 
tonus) on the surface membrane of the cell. The anelectrotonus annuls the 
catelectrotonus and so prevents excitation (discharge) of the cell. 

Neither the occurrence, nor the identity of chemical transmitters in the 
central nervous system has been proved beyond doubt. There is some 
evidence suggesting that acetylcholine might act as a central synaptic trans- 
mitter ; it is conceivable that acetylcholine might, in certain circumstances. 
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act as an excitatory transmitter (E) and in other circumstances, as an in- 
hibitory transmitter (I) (p. 530).^ 

(2) Internuncial Neurones (Interneurones). — ^In autonomic ganglia, 
the preganglionic fibres end directly on the ganglion cells. In the central 



Fia. 325. — ^R61e of Intemunoial Neurones in Reflex Action. 

Diagrammatic section of spinal cord. D.N.R.«=domal (posterior) nerve root ; V.N.R.= ventral (anterior) 
nerve root ; a, a% a'\ A, A'=intemmicial neurones. 

The shortest reflex arc is via D.N.R., a, V.N,R. Longer reflex arcs involving delay paths are shown via a', 
a'\ or a'*'. A, A', are “reverberators.” Note how an impulse passing from D.N.R. to V.N.R. along a 
may branch to excite A» which in turn re^oites a :similarly an impulse along a'" may branch to excite 
A% which in turn re-excites o'”. 

nervous system, as explained on p. 527, one or a few or many internuncial 
neurones generally intervene between the primary afferent neurones and the 
motor neurones. Afferent impulses entering the spinal cord, may thus flow 

^ Sherrington has pointed out that the existence of “ a surface of separation ” at the 
synapse makes possible a wide variety of local changes that might be involved in excitatory 
or inhibitory transmission. “ Such a surface might restrain diffusion, bank up osmotic 
pressure, restrict the movement of ions, accumulate electric changes, support a double 
electric layer, alter in shape and surface tension with changes in difference of potential, 
alter in d&erence of potential with changes in surface tension or in shape, or intervene 
as a membrane between dilute solutions of electrolytes of different concentration or 
colloidal suspensions with different signs of charge {Integrative Action of Nervous System, 
new edn., 1947). Sherrington thus envisages a much wider range of possible processes 
concerned with central transmission than has been considered in the text. 
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tlirougli many channels before reaching the ventral horn cells. The inter^ 
neurones may play a considerable part in the processes of central summation 
and after-discharge. Consider, for example, the arrangement of the inter- 
nuncials in the reflex arc illustrated in Fig. 325. A single stimulus applied 
to an appropriate afferent nerve sets up a single afferent impulse which enters 
bhe spinal cord in the dorsal nerve root. At the branching point of this 
root the impulse takes the shortest route to the internuncial a and then to 
the ventral horn cell, using a three-neurone reflex arc. The impulse will 
also travel along the ascending branch in the spinal 
cord and ultimately reach the ventral horn cell after 
having travelled along progressively longer reflex 
arcs via internuncials a', a'\ and a'". The motor 
cell will thus be bombarded by four impulses 
reaching it in close succession although only a 
single afferent impulse was set up in the dorsal 
root. Consider further the internuncials A and A'. 
An impulse travelling along the internuncial a will 
not only stimulate the ventral horn cell but also 
the cell of A ; the impulse along the fibre of A 
excites the cell of a. An excitatory cycle is thus 
established by means of which a stimulates A, and 
A in its turn stimulates a. Each time the cycle 
is completed the motor neurone is stimulated (cf. 
circus movement in heart, p. 291). In this way (as 
Fig. 326.— Stimulating the nerve impulses travel without decrement) the 
(excitor) action of motor neurone might be subjected to a nervous 
Acetylcholine on bombardment for an endless period of time unless 
an?^ Wright, ^ J. some inhibitory agency supervened. The neurone 
Physiol., 1944,' 103, A, and the similarly arranged internuncial A! may 
95). conveniently be called reverberators. Eeverberation 



Decerebrate cat. Tension 
of quadriceps of inner- 
vated leg. At signal in- 
ject 50 ng. of acetylcholine 
into central end of sub- 
clavian artery so as to 
reach spinal cord. Note 
rapid vigorous contraction 
of innervated quadriceps 
which is due to acetyl- 
choline setting up a ner- 
vous discharge from the 
ventral horn cells of the 
spinal cord. 


or sustained activity so produced in the nerve 
centres leads to after-discharge of the motor neurones 
and offers opportunities for facilitation or central 
summation as explained on p. 535 and p. 539. It 
should be remembered that the conventional 2- or 
3-neurone reflex arc is rarely used in the body 
and that normally arcs of greater complexity are 
employed. 

Pharmacology of Central Transmission.^— (1) 
Action of Acetylcholine on Spinal Cord, — The 


effect on the spinal cord varies with the exact experimental conditions, 
and may be excitatory or inhibitory. In the decerebrate cat, intra- 
arterial injection of acetylcholine stimulates ventral horn cells and 
causes a discharge of nerve impulses and contraction of the corres- 
ponding rauscle fibres (Fig, 326). In the cat under chloralose ansesthesia, 
acetylcholine generally inhibits reflex spinal activity ; the knee-jerk, for 
example, is diminished or abolished (Fig. 327). This effect is not due to the 


1 Schweitzer and Wright, J. Physiol., 1937, 89, 165, 384 ; 90, 310 ; 1938, 92, 422. 
Schweitzer, Stedman, and Wright, J. Physiol., 1939, 96, 302. Calma and Wright, J 
Physiol., 1944, 103, 93. Calma, J. Physiol., 1949, 108, 282. 
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associated fall of blood pressure or to changes in the muscles themselves, 
but to a direct inhibitory action on the spinal cord. The central action of 
acetylcholine is partially annulled by atropine. 

(2) Action of Anticholinesterases of Urethane Type on Spinal 
Cord. — The anticholinesterases modify reflexes as a result of a direct action 


on the nerve elements in the spinal cord. 
eserine sulphate) usually stimulate the 
spinal cord (Fig. 328) enhance the 
reflexes, and may give rise (in larger 
doses) to generalized and powerful 
convulsions. The quaternary anti- 
cholinesterases, e,g. prostigmine, however, 
under appropriate experimental con- 
ditions may have just the reverse effect 
and depress reflexes by a direct action 
on the spinal cord. Prostigmine, for 
example, injected intrathecally in man 
abolishes muscle tone and reflexes 
and diminishes the strength of voluntary 
movement by such a direct central 
action. 

(iii) Differences between Convulsant 
and Depressant Compounds, — These 
differences in the central action of the 
two groups of anticholinesterases occur 
although the drugs have identical 
actions on other tissues. Thus the anti- 



cholinesterases D.C. hordenine hydro- 
chloride (tertiary) and the corresponding 
methiodide (quaternary) have similar 
actions (both quantitative and 
qualitative) on cholinesterase in vitro, 
on skeletal muscle, blood pressure. 


Fig. 327. — ^Action on Spinal Cord of 
Acetylcholine and Atropine. 
Central Inhibitory Action of 
Acetylcholine is partially an- 
nulled by Atropine. (Schweitzer 
and Wright, J, Physiol., 1937, 
89 , 183.) 


and other functions ; but the former Records from above downwards are Imee 

is a central convulsant and the latter l^^nutel 

a ceritral depressant (Mg. 329). A 

possible explanation of these difterences pressure. 

in their action on the spinal cord is 

as follows : The quaternary ammomum At second arrow inject i mg. of 

anticholinesterases and their derivatives At third^nd fourth arrows, again inject 
are hpid-insolnble and so probably 

cannot penetrate the lipid envelopes of depression of the knee-jerk with l mg. 

the nerve cells ; their action is con- 
sequently probably limited to the external surface of these cells. The tertiary 
ammonium compounds on the other hand give rise to free base which, being 
lipid-soluble, may perhaps dissolve in the lipid material of the cell surface 
and enter the interior of the cell. It is suggested that the anticholinesterase 
which penetrates into the cell acts as a convulsant, while a member of the 
group which is unable so to penetrate is a central depressant. The central 
action of both the convulsant and depressant anticholinesterases may thus 
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be due to an increase in the acetylcholine concentration at specific regions of 
the grey matter. The difference between the two groups may depend on the 
site of their activity in relation to the surface membranes of the nerve cell. 
These results suggest the possibility that acetylcholine could act both as a 
central excitatory and central inhibitory agent within the spinal cord, and 
that the level of activity of ventral horn cells may perhaps depend on the 
relative concentrations of acetylcholine within and without these cells. 

The other groups of anticholinesterases, diisofluorophosphonate, and 
the simpler polyphosphates, are all central excitants (like eserine sulphate). 

It has been suggested (partly on the basis of the evidence quoted above) 
that acetylcholine may be concerned in central transmission ; other trans- 

f mitters may also be involved.^ It 
jds particularly interesting to note 
j that adrenergic fibres have been 
demonstrated in the central nervous 
system. Their r61e is unknown. 

General Features of Reflex 
Excitation, — (1) Synaptic Delay.— 
This is the time taken in transmitting 



« « » I I L. 


Fig. 328. — Stimulating (Excitor) Action 
of Eserine on Spinal Cord. (Calma 
and Wright, J, Physiol., 1944, 103, 
101 .) 

Decerebrate Cat. Record of Tension of Inner- 
vated Quadriceps. 

Animal fully atropinized. 

At arrow, inject intravenously 2 mg. of eserine. 

The spinal ventral horn cells are stimulated and 
discharge to the quadriceps which contracts 
first touically and then clonically. 


the impulse through one synapse. 
It has been measured thus (Fig. 
330) : a stimulating electrode is 
introduced into the grey matter of 
the 4th cranial nucleus which contains 
both interneurones and motor 
neurones. A recording elect;rode (R) 
is placed on the 4th cranial nerve 
to record the arrival of!- impulses 
set up in the motor neurones (M). 
If a weak stimulus is employed, it 
stimulates the interneurones (I) only, 
and the impulse must first pass 
through one synapse to excite the 
motor neurones (M) ; if a strong stimu- 
lus is employed, the motor neurones 
are also stimulated directly by the stimulating current and a motor impulse 
is discharged sooner. The time interval between the two arrows (Direct M, 
M via I) is the time taken for the impulse to travel along a very short inter- 
neurone (I) and then through the synapse to impinge on the motor neurones 
(M). The delay recorded varies with the degree of excitability of .;fcjie motor 
neurone and is 0*5-1 *0 m.sec. As some of the recorded delay is due to con- 
duction along the slowly conducting very fine terminal fibres of th^ inter- 
neurone the true synaptic delay must be even more brief {e.g. 0*l-0*2 m.sec.). 

(2) Eeplex Delay. — The total refiex time is the interval between the 
application of the stimulus to the peripheral afferent nerve and the onset 
of contraction in the muscle. Part of the delay is due to the time taken by 
the voUey of impulses to travel in the peripheral nerves to and from the 
centre, and the latent period of the muscle. This peripheral tim^ can easily 
be measured ; when deducted from the total reflex time it leaves the central 
^Eor critical discussion see Feldberg, Brit. med. Bull., 1960, 6, 312. 
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reflex time or central delay ^ Le, tlie time taken by the transmission processes 
in the central nervous system. 

The length of the central delay is probably an index of the number of 
neurones employed in the reflex arc, i.e, the number of synapses that are 
successivdy traversed. In Fig. 331, A, a muscle afferent was stimulated to 
produce the stretch reflex (p. 588) ; in Fig. 331, B, a cutaneous afferent was 
stimulated to produce the flexor reflex (p. 692). The potentials were recorded 
in each case from the ventral nerve root ; the total latency of the stretch 
reflex (from time of stimulation to the appearance of the ventral root spike 

potential) was 2*5 m.sec. while that - - ... 

of the flexor reflex was 5*5 m.Sec. 

although the peripheral delay was Mm. 

approximately the same in the two 
cases. When the central delay in 

these experiments is calculated it / 

can be concluded that the stretch K.J. 
reflex probably employs a 2-neurone / i 

arc involving transmission at one llll L u j ^ ^ 

synapse only ; the flexor reflex on f I 

the other hand employs a multi- *^®''‘** 

(3) -Changes m ^thb Nerve 

Cell as a EbSULT of AcTZVITY.— - n l U lujn it 

The nerve impulse is conducted „ ^ ^ x j ^ ^ i x.* r m 

over the cell m the same way as Quaternary Anticholinesterases on 

along the nerve fibre. Activity m Activity of Spinal Cord. (Schweitzer and 

the cell is accompanied and signalled Wright, J, Physiol, 1938, 92, 431). 

by a spike potential ; there is no Tertiary compound = dimethyl carbamic est^ of 
following phase of heightened ex- QuaterrS^compo^Snmethy?’ of 
Stability; througbout the recovery oat.S^»!“E“^S&^(Si°ab&™wLdsar6: 
period the cell shows depressed K;.J.=knee- 3 erk (right side); N.M.= contractions 
excitably (of. positive after- 

■notential in nerve (o 489B. ^‘irst arrow: inject so mg of D.C. Hord. MeJ; the 

puuenLiai m nei ve \^. ‘±uo}) knee-jerk is abolished from a depressant action on 

(4) Central Summation. — ^AS spinal cord, second arrow: mject 40 mg of 

in autonomic ganglia, summation 

mght be (a) special ; {l) t^poral. 

It IS assumed m this discussion cord, 
that the synaptic potential is 

directly responsible for exciting the cell ; if it attains threshold value 
(in magnitude and extent of cell membrane involved), it “ fires ’ the cell 
(causes it to discharge) ; if it is subliminal, it fails to fire the cell. But a 
subliminal synaptic potential may summate with another subliminal synaptic 
potential which has been set up simultaneously in an adjacent part of the cell 
membrane, and thus reach threshold level ; this process is spatial summMion. 
Further, as the synaptic potential endures for some time, (although it is a 
very brief period), a sequence of impulses might conceivably build up 
subhminal potentials, stepwise, to threshold value— this would be temporal 
summation ; it is extremely doubtful whether true temporal summation 
ever occurs in the central nervous system. 
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(i) Sfatial Summation. This phenomenon is well demonstrated in Fig. 
in which the scratch reflex was studied. The reflex is^ so named because 

it is elicited naturally by 
'W'" .A s y scratching the skin on the 

r I M via I back (dog); the rhythmic 

STiM. I M r| t Response CL hind limb movement pro- 

wEAKSTiM. A duced tends to remove 

s j \ /\ the irritant. When either 

T “*! i ^ points a 

R tm or /S is stimulated alone, 

* M I the aiierent impulses set 

STRONG ST!M. Response b elicit a TCfleX 


g \ w \ > u \ V w \ \ ' vy y > 

M 

STRONG ST!M. 


Fig. 330. — Synaptic Delay of Motor Neurones. (Modified discharge of the motor 
from Lorente de No, J. Neurophysiol., 1939, 2, 402.) • {n relation to the 

Left-hand diagrams: I=*mtemeurone. M=motor neurone (4th 

cranial nSleus). E=recording electrode on motor nerve rejj^X theretore, the sklU 

fibre ( 4 th cranial nerve). stimulus employed is Sub- 

Rlght-hand records : Electrical responses recorded from electrodes ^ ouw 

applied to the motor nerve (4th cranial). S=moment of liminal (though tO the 

! 7 j> 3 .w*w‘?“lWiy a «eaT‘ ^ “cit® ‘>^6 wtemewoms skinnerve eEdiugsthc stim- 

only. The Impulse which is set up must therefore travel to M xilus is adeouate). When 
and nass through one synapse to stimulate the motor neurones. j o ^ i- i . j 

Note single response (M via I). . . a and jS are Stimulated 

Lower record : A stronger stimulus is applied which simultaneously o(iiyyiqjTf.n.fyiQ(\nioT/fj “hTift motor 
excites both the intemeurones and motor neurones directly, s^mmiufieoubby une mowr 
The motor neurones are thus excited first directly (Direct M), neurones discharge and 

andsubsequently indirectly by the impulse set up at I (M via ,, 

I). Note double response on the lower electrical record. The the hip nexor contracts 
time interval between the first arrow (Direct M) and the second rh vthmicallv ( scratch re- 
arrow (M via I) is the synaptic delay. n ^ \ v \ 

nex). 

It is supposed that the fibres from a and p end (in part at any rate) 
on a common group of motor neurones. Impulses from a ox p alone set 

up there a subhminal level of central — 

disturbance ” or central excitatory state ” ; I 

or in terms of the h^othesis adopted here, I 

they set up a synaptic potential which is too 11 

small in magnitude or extent to fixe ” the I 

motor neurones. When impulses from a i 

and p reach the motor neurones simul- a \ 
taneously spatial summation occurs ; the —■ f ' - 

synaptic potentials may be supposed to be 
built up to threshold level and the motor ^ AV\a 

neurones discharge. « ,.[ 

(ii) Temporal Summation (Fig. 333). An im.sec. 

afferent nerve is stimulated once at such a u i m n ,LJLj„ij,jjj,i,L,.LL. 

strength that although a volley of impulses is Fig. 331. —Central Delay de- 
set up, no firing of motor neurones occurs ; pends on Number of Syn- 
i.e. with respect to the reflex, the stimulus is Jp, Reflex Path. 

subHminal. Eepetrtion of the stimulus (at ^ 6,11^^°' 

the same strength) to the same nerve at a. strefch Reflex : total reflex 
smtable intervals (e-g. 3 per sec.) and for an total reflex delay 

adequate number of times le.g. 6 times), =5*6 m.seo. Potentials are 

owing to central summation, finally causes recorded ftom ventral root. 

firing of motor neurones and muscular contraction (flexor reflex) results. 

This experiment requires critical analysis. It could be interpreted 
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simply in terms of temporal summation of tiie synaptic potential. Let us 
assume that the reflex arc consists of two neurones only and, therefore, in- 
volves transmission at a single synapse (Fig. 334, A). The first afferent volley 
sets up a subliminal synaptic potential which rises to a peak and declines 
(like the ganglionic potential, Fig. 320). Before this potential has disappeared 
the next volley arrives setting up a second subhminal synaptic potential 
which summates with what is left of the first. Successive volleys result in 
progressive building up of 
the synaptic potential until 
it finally attains threshold 
value and ‘'fires’’ the motor 
neurones. 

This interpretation is 
probably incorrect for the 
following reasons : 

(а) Direct experiment 
(p. 632) suggests that the 
duration of the synaptic 
potential at motor neurones 
is less than 1 m.sec., 
probably 0-1-0-2 m.sec. 

The interval between 
successive stimuli in the 
experiment illustrated by 
Fig. 333 was 30 m,seo , : 
simple summation of the 
synaptic potential could 
thus not have occurred. 

(б) The flexor reflex in- 
volves several internxmcials 
(Fig. 331) and its reflex 
arc resembles that shown 
in Fig. 325, or in simplified 
form in Fig 334, B. 

Suppose afferent L in 
Fig. ^4, B, is stimulated 
repetitively. The first volley 
stimulates the interneurones 
as well as the motor neurones. 

When the second afferent 

volley enters the cord it finds _ ^ ^ ^ ^ 

the motor neurones in a state of subliminal excitation because of impulses 
reaching them at about the safne tififto from the activity of the internymcials. 
With each successive volley one may suppose that a larger internuncial pool 
discharges, raising the excitatory state of the motor neurones nearer to threshold. 
“Firing” occurs when the excitatory state of the motor nem:ones has been 
raised in this way to such a level that the additional excitation (or sjmaptic 
potential) set up by an afferent volley arriving at this time brings the excitatory 
state up to threshold level. In other words the summation that is taking place 
is really sj)atial ; repetition of the stimuli raises the excitatory state of the 



FO : Record of contraction of flexor muscle of hip. 

Time in 1/5 sec. 

Sa, Sp ; desceni of sigriaZ Km represents period of stimulation 
of point a or on the shoulder skin. (If either a or ^5 is 
strongly stimulated it elicits rhythmic flexion of the hip, 
' i,e. the scratch reflex.) 

First aignflig on Sa, S/5 : weak stimulation of skin points a or /S 
applied separately elicits no reflex response. 

Second signals on Sa, S/5: same weak sti m ulation of skin 
points a and /S applied simvMamously. Spatial s umm ation 
occurs and a powerful rhythmic scratch reflex results. 
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motor neurones not by simple summation in time (true temporal summation) 
but by building up an adequate level of “ background bombardment ’’ from 
the internuncials. Tbe effects of an afferent stimulus are often determined 
largely by tbis background of internuncial activity. 



333. — “ Temporal ” Summation" of 
Reflexes. (After Sherrington, Integrative 
Acticm of Nervous System.) 


(5) Block or Resistance.— A 
nervous impulse cannot pass 
backwards through, a synapse, 
i.e. it can pass from the termina- 
tions of the axon to the dendrites 
of the adjacent neurone, but not 
in the reverse direction. In this 
connection the peripheral fibres 
of the dorsal root ganglia and their 
sensory cranial homologues must 
be regarded as equivalent to 
dendrites, while the central fibre 
is the true axon. The term law of 
^OTwa/rd conduction is applied to 
this fixity of direction of impulse- 
conduction in the nervous system. 

(6) Localization. — To elicit 
any reflex the stimulus must be 
applied to a particular locality ; e.g. 
to elicit the flexor reflex an afferent 


E exor Reflex (contraction of knee flexor muscles). Uerve in the ipsilateral hmd hmb 
Bach., vertical line S represents a subliminal x* ooov 

stimulus applied to ipsilateral afferent nerve, ^^st be stimulated (Fig. 333). 
After six such stimuli the motor neurones fire and ( 1 \ 'RTT''R’irnT.ci nn* T‘Nrp'mT'AQTxr/3. 
contraction of the muscle sets in. Stimulation ci ^ ^ -CiFFEOTS OE INCREASING 
ended at Si. Time (lower record) in 0-1 sec. STRENGTH OP STIMULATION. — (l) 

- . . 1 . strength of afferent stimu- 

lations progressively increased the reflex response under examination shows the 
following changes : the latent period becomes shorter; the rate of development 
of tension and the peak tension increase ; after-discharge is prolonged (Fig. 335). 



!Fig. 334. — ^Diagram of Mechanism of Temporal Summation. 

A. stimulation of afferent nerve L or M involves one synapse only, 

B. Stimulation of afferent nerve L involves intemeurones. 

M.N., motor nerve. 


(ii) \VTien the response of the ammal as a whole is being studied, it is 
found that stronger afferent stimulation produces a more widespread response 
(irradiation). Thus, weak stimulation of the sole of the foot elicits only toe 
flexion ; stronger stimulation may give rise to flexion of the whole hind limb. 
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i.e. a greater part of the flexor motor centre (z,e, the cells mnervating all the 
flexor muscles) is activated. This is due to a larger number of afferent 
fibres being stimulated, thus activating more motor neurones. 

(8) Fatigue. — Refiex responses show fatigue comparatively readily ; 
the latent period becomes longer and the rise of tension smaller and more 
gradual. Reflex fatigue is due to some change developing in the centre : thus, 
when the flexor reflex can no longer be elicited, the peripheral mechanism 
is still active, and stimulation of the motor nerve readily elicits muscular 
contraction. If the blood supply of the centre is impaired, or if it is depressed 
by anoxia or anaesthetics, fatigue occurs sooner. The intimate nature of 
central fatigue is however unknown. 



(9) Rebound is a phenomenon peculiar to reflex action, and has not yet 
been accounted for. On cessation of reflex inhibition of a muscle, its tension 
may rise considerably above its previous resting value (Fig. 344) ; this 
rebound contraction is independent of previous elongation of the muscle, 
for it may take place when the muscle is so toneless that lengthening does 
not occur during the period of inhibitory afferent stimulation. Rebound 
is attributed to an overswing ” in the centres — a state of over-excitation 
following on a state of inhibition ; but this “ explanation ” puts more 
questions than it answers. 

(10) Reoeuitment and Aetee-Dischaege.^ — These features are well 
brought out when the crossed extensor reflex {e,g. contraction of the quadriceps 

1 Liddell and Sherrington, Proc. roy. Soc. B., 1926, 97, 488. 
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as a result of stimulation of an afferent nerve in the opposite limb) is contrasted 
with the motor tetanus of the same muscle ^ (Fig. 336). 

(i) The motor nerve is stimulated for a few seconds at a frequency suffici- 
ently high to produce complete tetanus. After a brief latency the tension 
developed by the muscle rises sharply to a maximum ; when the stimulus is dis- 
continued, the tension diminishes rapidly as the muscle relaxes (Fig. 336, B). 

(ii) When the crossed extensor reflex is elicited there is a longer latency , 
which is characteristic of reflex activity ; under continued afferent stimulation 
the tension in the quadriceps rises relatively gradually to its maximum. When 
stimulation is stopped the tension is maintained for some time and then 
slowly declines (Fig. 336, A). The explanation of these differences is as follows : 

the muscle fibres are under the same mechanical and nutritive con- 
ditions in both experiments and the same tension develops on both occasions, 
the same number of muscle fibres may be presumed to be contracting in 



Fig. 336. — Crossed Extensor Reflex compared with Motor Tetanus. (LiddeU and 
Sherrington, Proc. roy, 8oo, B,, 1923.) 

Quadriceps muscle. A : Crossed extensor reflex produced by contralateral afferent stimulation, frequency 
38 per sec. ; B : Tetanus of muscle produced by peripheral motor nerve stimulation, frequency 38 per 
sec. (isometric records). The vertical lines indicate the beginning and the end of stimulation. 


both reactions. The rapid rise of tension in the motor tetanus indicates that 
all the muscle fibres involved contract practically synchronously ; the 
slower development of tension in the reflex contraction suggests that first 
a few motor units are affected, then gradually more and more become 
involved, until the full quota is in action. In other words, with continued 
excitation of an afferent nerve, an increasing number of motor neurones is 
brought under excitation : this is called excitatory recruitment. Recruit- 
ment is due to ‘‘ pseudo-tempoTol summation,” i.e. with repetitive afferent 
stimulation there is a progressive increase in the “ background ” activity of 
the internuncials. This leads to an increase in the excitability of more and 
more motor neurones until spatial summation raises the local synaptic 
potential to threshold, causing firing (p. 535). If afferent stimulation is 
continued for a long time, effective summation takes place at a steadily 
increasing number of motor neurones. Indefinite prolongation of the afferent 
stimulus does not produce unlimited recruitment ; a stimulation plateau is 
1 These features are often less well shown by^the flexor reflex 
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readied (Fig. 336). There is thus a limit to the number of motor neurones 
that can be recruited. 

On discontinuance of aiBferent stimulation the tension may remain un- 
altered for several seconds ; this is called the after-discharge plateau. As it 
is equal in height to the stimulation plateau, all the motor neurones which 
were ultimately excited during afferent stimulation must still be discharging. 
When relaxation of the muscle sets in, it proceeds more gradually than in 
the motor tetanus. In the latter all the muscle fibres go out of action together ; 
in the case of the reflex it must be supposed that the motor neurones stop 
discharging successively and as this happens the corresponding muscle fibres 
relax. Recruitment thus gives inertia, and after-discharge provides momentum 
to reflex movements, making these movements smoother in onset and 
termination. 

Fig. 337 shows the after-discharge in the flexor reflex elicited by a single 
afferent stimulus. Action potentials (representing the results of motor neurone 
discharge) are present right to the end of muscular relaxation. The motor 



Fig. 337, — ^Reflex After-Discharge. (Sherringtoa and others. Reflex Activity 
of Spinal Gord, 1932.) 

Mechanica l(m) and electrical response (e) to single shock to afferent nerve producing reflex response (cf. 
vdth Fig. 302, A). A large number of action potentials are visible in the electrical record right up to the 
end of muscular activity. These represent the after-discharge of the spinal ventral horn cells. 
Kelaxation is consequently more gradual than in a motor nerve twitch. Time (on base line) in 0*01 
second. 


neurones thus continue to discharge long after afferent stimulation has 
ceased. Affcer-discharge is attributed to persistent stimulation of the motor 
neurones from the internuncial background. As has been repeatedly stated, 
besides taking the direct short route to the motor neurones, impulses may 
wander through long and tortuous internuncial “ delay paths ” in the intricate 
maze of the central nervous system before ultimately reaching their final 
objective, the motor neurones (Fig. 325). Impulses go on wandering in these 
paths for varying periods after afferent stimulation ceases, continue to 
bombard the motor neurones, and so maintain the affcer-discharge. As 
already explained (p. 530), there is no reason on anatomical grounds why such 
central reverberation should not continue for a long time. 

It is easier reflexly to inhibit the affcer-discharge than the stimulation 
plateau. This is well seen in Fig. 338, where stimulation of an inhibitory 
afferent produces only trifling relaxation during the stimulation plateau but 
causes complete and rapid relaxation during the affcer-discharge. This can be 
readily imderstood because the affcer-discharge is due solely to the impulses 
along the longer delay paths (the “ stragglers ”), while the stimulation plateau 
is due to impulses arriving simultaneously by all available routes. 
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It follows from what has been said that prolongation of afferent stimula- 
tion increases (within limits) the peak tension and the duration of the after- 
discharge. 

(11) Occlusion. — When two afferent excitatory nerves {a and 6)~each of 
which can evoke the flexor reflex — are simultaneously stimulated, it is some- 
times found that the tension developed by the flexor muscle under observation 
is less than the sum of the tension produced by each afferent stimulated 
separately ; thus if a produces in the muscle a tension of value 9 (in arbitrary 
units), and h also a tension of 9, stimulation of a and h together may only yield 
a tension of 12 (instead of the expected 18). This phenomenon is referred to as 
occlusion ; it is due to the fact that some of the spinal motor neurones (in 
this case producing 6 units of tension in the muscle) are common to both a 
and 6. As these motor neurones are maximally excited when a or 6 is 
stimulated separately , they naturally give no greater response when a and h are 



Fig. 338. — ^Inhibitory Distinction between Stimulation Plateau and After-discharge 
Plateau of Crossed Extensor Reflex. (Liddell and Sherrington, Proc. roy, 
Soo. P., 1925.) 

VastocrureuSi Between the vertical lines on the records, stimulation of afferent nerve to elicit crossed 
extensor reflex ; I, delivery of single break shock to inhibitory afferent. 

A, delivery of inhibition in stimulation plateau ; B, delivery of inhibition in after-discharge plateau ; 
C, repetition of reflex B with no inhibitory shock delivered (isometric records). Note duration of 
after-discharge. 

stimulated together. In brief, occlusion is due to, and is convincing evidence 
of, afferent fibres overlapping in their central distribution (Fig. 339, A). 

(12) Subliminal Fringe. — Sometimes, however, the tension yielded by a 
and 6 combined is greater than the sum of the two reflex responses taken 
singly (Fig. 339, B). This result indicates that each afferent while fully 
activating a certain number of motor neurones acts also on a further number 
subliminally, and that some of these subliminally influenced motor neurones 
are common to a and 6. Concurrent subliminal excitations can thus sum to 
produce liminal stimulation.^ This type of result is another illustration of 
spatial summation. 

Subliminal fringe is of great importance in reflex co-ordination. It 
enables one level in the nervous system to reinforce the action of another. 
Thus, sometimes, feeble stretch of an extensor muscle (p. 588) produces a 
weak response ; rotation of the head alone (p. 591) may also produce little 
increase in the activity of the muscle. But the combination of the two 
procedures may give rise to a considerable contraction of the muscle — again 
an example of summation of subliminal fringes. 

^ Denny-Brown and Sherrington, J, Physiol, 1928, 66, 175. 
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(13) Motor Neurone Discharge Bate and Rate of Afferent Stimu- 
lation. — There need not necessarily be any regular relationship between the 
rate of stimulation of an afferent nerve and the discharge rate of the motor 
neurone. The latter will depend on the degree of summation and after- 
discharge that occurs. A single afferent volley may produce a repetitive 
discharge from the motor neurones (because of after-discharge) ; similarly, 
each volley in a train of volleys may generate several motor impulses. The 
discharge rate would then be considerably higher than the afferent stimula- 
tion rate. On the other hand, discharge may not occur till a number of 
afferent volleys has reached the centre and effective summation has occurred ; 
the discharge rate would then be a fraction of the afferent stimulation rate. 




Subliminal 

Fringe 


Fig. 339. — Occlusion and Subliminal Fringe. 

The diagram shows a group of motor neurones. The clear cells are exclusively influenced by the afferent 
fibres aoT b; the dark cells are common to both a and 6. 

A : Stimulation of a or h effectively excites 9 motor nedrones. Stimulation of a and b together excites only 
12 motor neurones, because 6 are common to both afferents. Occlusion takes place. 

B : Stimulation of a or 6 effectively excites 3 motor neurones (enclosed by continuous line) and produces 
a subliminal effect on anotoer 6 motor neurones (enclosed by dotted line). Stimulation of a and b 
stimulates 12 motor neurones as the two subliminal fringes effectively sum. 


Thus in one experiment, stimulation at 3, 88, and 228 per second elicited 
discharge rates of 16, 14, and 18 per second. During a reflex like the flexor 
reflex, the discharge rate of the motor neurones may not be uniform ; it 
may initially rise rapidly to a maximum and then speedily decline.^ 

Increasing the frequency of afferent stimulation increases the tension of the 
reflex response ; as more afferent impulses arrive in umt time there are 
greater opportunities for central summation, more motor neurones are 
effectively stimulated and they may discharge at a higher frequency. 

Many of the features of reflex excitation in the somatic nervous system 
{e.g, summation, irradiation, recruitment, after-discharge) can also be 
observed in reflexes in the autonomic nervous system. 

(14) Gradation of Central Excitation, — (i) It may be subliminal, i,e. 
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there is no motor neurone discharge, but there is opportunity for summation 
to occur (p. 533). 

(ii) The motor neurone may discharge once and a simple twitch results. 

(iii) The motor neurone may discharge repetitively at a low frequency ; 
the corresponding group of muscle fibres goes into partial tetanus (subtetanus)! 

(iv) When the motor neurone discharges at about fiO-QO times per second 
it is said to be excited maximally, as with such a discharge rate full tetanus 
of the corresponding motor unit usually results (p. 500). 

(v) The motor neurone may, however, discharge at still higher rates, up 
to 100 or 150 times per second ; this is called supramaximal activity. As 
far as the muscle is concerned this high rate of discharge is wasteful, because 
no greater mechanical response develops ; the high discharge rate can, 
however, be seen in the muscle action potentials. A centre driven at a high 
rate is protected to some extent from inhibitory infl.uences. 



Fig. 340.-~Recrmtment and After-Discharge in Inhibitory Reflexes. (Liddell and 
Sherrington, Proc, roy, Soc, J5., 1925.) 

Knee Extensor. In ^th records from E to E, stimulation of contralateral afferent to produce crossed 
extensor wflex. D^ng the period indicated by the arrows (I, I'), stimulation of ipsilateral inhibitory 
afferent, for a shorter time m A, and for a longer time in B. Note that prolongation of inhibUotv 
fstimulattomncreafes the extent of the inhibUwn j foUowing it is a horizontal plateau which is interpretS 
as representing inhibitory after-discluirge ; centrcU inhOrition persists and vreverUa for 0*05 tec ihp 
redeodopmera of termon in the muscle. v v.. .eu. wtv 


By mear^ of its t/nde range of discharge rate each motor neurone can finely 
grade the activity of the muscle fibres which it supplies. 

(vi) Fmally, an afferent nerve, by stimulating varying numbers of motor 
neurones in the “ pool ’’ under its possible control, can regulate the number 
of motor units in action, and consequently the tension which is developed by 
the muscle. 

Generd Features of Reflex Inhibition.— Reflex inhibition resembles 
reflex excitation in many respects ; the fundamental difference is that the 
impulses arriving at the synaptic terminals on the motor neurones depress 
(instead of stimiflating) the cells. An inJiiMtory afferent is one which, when 
appropriately stimnlated, depresses the group of motor neurones under 
exammation, i.e. it inhibits the muscle flbres supplied by these motor neurones. 
InMbition can, generally, only be demonstrated against a background of 
oaivUy ; the background classically used in the study of reflex inhibition is 
the discharge of the spinal extensor neurones set up by stretch reflexes in 
decerebrate rigidity (p. 584) or by the crossed extensor reflex. 
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The characteristics of reflex inhibition are : 

(1) Delay : partly peripheral, partly central (cf. p. 532). The central 
delay depends on the number of internuncials traversed (transmission through 
these is of course excitatory). The synaptic delay at the motor neurone 
at which inhibition is produced, is about 1 m.sec. : during this time the 
impulse at the synaptic terminals liberates the hypothetical inhibitory 
chemical transmitter, which sets up the supposed, positive localized electro- 




Records of reflex contraction of a flexor muscle. 

EX: at each rise of the signal, stimulate the ipsilateral excitatory 
afferent nerve which elicits reflex contraction of the flexor muscle. 

IN : at each rise of the signal, stimulate the contralateral afferent nerve 
which inhibits the flexor motor neurones. 

A, B, C, D : strength of excitatory stimulus kept constant ; strength 
of inhibitory stimulus progressively increased. 

E, E, O, H : strength of inhibitory stimulus kept constant : strength 
of excitatory stimulus progressively decreased. 


tonus which, on reaching threshold value, depresses the “ firing ” of the motor 

neurones. ^ ^ .... ■. i 

(2) Summation. — ^As with excitation, central inhibition may be subhmmai ; 
in terms of the working hypothesis, the positive electrotonus does not reach 
threshold value. Both spatial summation (produced by simultaneous 
stimulation of two inhibitory afferents) and so-called^ temporal summation 
(produced by repetitive stimulation of a single inhibitory afferent) can be 
produced (cf. discussion on p. 533). 

(3) Fatigue. — If an inhibitory reflex is elicited at short mtervals, the 
inhibitory response (^.e. the degree of muscular relaxation) becomes smaller ; 
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afferent (IN) acting on the same group of motor neurones. By suitably 
adjusting the strength of stimulation of afferents EX and IN, the activity of 
the motor neurones can be finely graded (Fig. 341). With increased strength 
of afferent IN, the number of motor neurones which are discharging is progres- 
sively reduced. In the case of an individual motor neurone, its discharge 
rate can be slowed down from supramaximal (150 per sec.) to maximal 
(60-90 per sec.), then to lower, sub- 
tetanizing, frequencies ; finally the dis- 
charge is completel 3 r stopped (Fig. 343). 

Reciprocal Inhibition (Reciproc^ 

Innervation). — ^Reflex inhibition of 
the antagonist muscles is an almost 
invariable accompaniment of reflex 
excitation of the protagonist muscles. 

This is the principle of reciprocal 
innervation of muscles. Movements 
are thus facflitated, as relaxation of 
antagonists proceeds pari passu with 
contraction of protagonists. This 
important general law can be readily 
demonstrated (Fig. 344). 

In a decerebrate animal the flexors 
of the knee and their antagonist the 
vastocrureus may be detached from 
their insertions and attached to levers. 

If a nocuous stimulus is applied to 
the sole of the foot to elicit the flexor 
reflex, it is found that as the flexors 
contract the extensors elongate. It can 
be shown that the two processes are 
simul^neously induced. The receptive 
field, the nature of the stimulus, the 
latent period and the number of sub- 
liminal stimuli necessary to produce 
summation are identical for contraction 
of the hamstrings and for relaxation of 
the vastocrureus. The afferent impulses 
which enter the spinal cord stimulate 
the motor neurones suppljdng the 
protagonists and inhibit the motor 
neurones supplying the antagonists 
(Figs. 344 and 345).^ 

Fig. 344 is analysed in detail in the 
Appendix, p. 1123, where the subject of reciprocal innervation is discussed 
very fully. 

Reciprocal innervation can also be demonstrated in postures (p. 590), 
following stimulation of the motor cortex (p. 634) or of the frontal eyefletd 
(p. 638), following cerebellar stimulation, in labyrinthine nystagmus (p. 601) 

^ Sometimes, however, it is more advantageous to have simultaneous contraction of 
protagonists and antagonists — as when it is desired to maintain a rigid posture (p. 590). 
i8 



Fig. 344. — ^Reciprocal Inhibition of 
Antagonistic Muscles. (Sherring- 
ton, Quart, J, eayp. Physiol., 1913.) 

F, semitendixibBns, a ]mee flexor; E, vasto- 
cmrens, a knee extensor. Btixing rise 
of signal line IF, stimnlate ipsilateial 
popliteal nerve. The inhihitioa of the 
extensor is accompanied by a simul- 
taneous contaraction of the flexor mnscle. 
Myograph writer for E is set a little to 
the right of that for F, so that ascent of 
F and descent of E are in fact practic- 
ally synchronous. Belaxation of the 
extensor is followed by a marked re- 
bound contraction above .the original 
level. 
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and in stretch re'flexes, e.g. tlie knee-jerk (p. 644). To some extent the principle 
also applies to the autonomic nervous system. 

Keciprocal innervation in voluntary movement is fully discussed on 
pp. 649 et seq. 

Central and Peripheral Inhibition, — In central inhibition the seat of the 
inhibitory process is in the centre, e.g, inhibition of extensor motor neurones 



Fig. 346. — Diagram illustrating Mechanism of Reciprocal Innervation. (Modified from 
Sherrington, Integrative Action of Nervous System.) 

E= Knee extensors. F= Knee flexors. += Central excitation. —= Central inhibition. 

Stimulation of central end of afferent nerve on right side reflexly produces flexor reflex on right side and 
crossed extensor reflex on left side. In the case of each reflex response, contraction of protagonists is 
accompanied by reciprocal inhibition of antagonists. 


n the flexor reflex ; inhibitiou of the vasomotor centre by the aortic or sinus 
nerve (p. 739) ; inhibition of the inspiratory centre by vagal afferents from 
the lungs (p. 388). In peripheral inhibition the seat of the inhibitory process 
is in the peripheral tissues, e.g. vagal inhibition of the heart (p. 268), sym- 
pathetic inhibition of the small intestine. Suppression (p. 620) and conditioned 
inhibition (p. 679) are special types of central inhibition. 
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THE AFFERENT NERVOUS SYSTEM ^ 

Skin and Muscle Receptors. — These may be classified as follows : 

(i) In Muscle and Tendon : (a) Muscle spindle ; (&) Organ of Golgi. 

(ii) Organized Skin Receptors : {a) Pacinian corpuscle ; (b) Tactile 
corpuscle ; (c) End bulbs. 

(iii) Pain Receptors : (a) free nerve endings ; (b) 

ple^orm networks. 

(1) Musculo-Tendinous Endings. — (i) The muscle 
spindle is a fusiform body lying between the muscle 
bundles, with its long axis parallel to them. It consists 
of 6-12 poorly differentiated thin “ intrafusal muscle 
fibres rich in nuclei and sarcoplasm; the transverse 
striations are not well marked. The spindle has a 
complex innervation: (a) An afferent nerve fibre enters 
the spindle and breaks up into non-meduUated branches, 
each of which winds in a spiral or annular manner 
round a single intrafusal fibre (“ annulo-spiral ending”) 

(Fig. 346). These receptors respond (a) to passive stretch, 
and (P) to changes in the tension of the intrafusal fibres 
resulting from their active contraction. When the muscle 
fibres outside the spindle contract, the degree of stretch of 
the spindle is generally decreased but sometimes is increased. 

(6) The intrafusal fibres receive a motor innervation from 
thin meduUated somatic fibres.^ (c) A non-medullated 
afferent fibre ; this may be an associated pain receptor. 

(ii) The organ of Golgi is found in tendon close to its 
point of attachment to the muscle. The tendon fibres 
separate into a number of small bundles; nerve fibres 
penetrate between the fasciculi, and their medullary 
sheaths stop short; the axons end in terminal arborizations 
beset with irregular varicosities (Fig. 347). These organs 
are also found in the connective tissue between the muscle 
fibres. The Golgi organ is a stretch receptor ; it is always Fic.346.--Intrafusal 
stretched when the muscle contracts. Sp^ndle^ and ^its 

(2) Obganized Skin Recbptobs. — These receptors Nerve Supply (J. 

which subserve the sensations of touch, light pressure, Boeke fi:om Shat- 
heat, and cold are constructed on a uniform plan. They pey-Schafer, Essen- 
consist of an outer lamellated connective-tissue capsule, - 

and a core' of soft nucleated cells within which the plying the muscle 
axon, having lost its medullary sheath, ends simply or ^of^enSing oTto?nS?e 
as an arborescence. The receptors to be described vary fibre round the highly 
chiefiy in the complexity of their design. ^ mtrafnsai 

(i) Pacinian corpuscles are large receptors found in 
the subcutaneous tissues of the hands and feet and in the neighbourhood of 
tendons and joints. The capsule consists of a number of concentric fibrous coats 
arranged like the layers of an onion; the soft core is cylindrical in shape. The 

1 Head, Studies in Neurology, 2 vols., 1920. Stopford, Sensation and Sensory Pathway, 
London, 1930 ; Symposia, Res. Puhl. nerv. meni, Dis., Sensation, 1935 ; Pain, 1943. 
Newton, Cutaneous Sensation, Beceni Advances in Physiology, 7t]i edn., London, 1949. 

a Hunt and Kuffler, J. Physid,, 1961, lU, 283, 298. 
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Fig. 347. — Organ of Golgi. (Ciaccio, from 
Sharpey-Schafer, Essentials of Histology,) 

n ■■ AflEerent nerve fibre, a — Arborisation of axis 
cylinder between the tendon-bundles. 


nerve fibre passes down the middle of the core to its farther end to form a 
terminal arborization. The Pacinian corpuscles respond to deformation. 

(ii) Tactile corpuscles (of Meissner) 
are found in the papillas of the 
skin. These touch receptors are 
ellipsoidal in shape. The afferent 
nerve fibre enters, ends in a complex 
ramification in the soft central core 
of the corpuscle (Fig. 348). The 
Meissner corpuscles always occur 
in groups of two or three (never 
singly) ; in finger skin, about ten 
such groups are found in an area 
of 1 sq. mm. Other tactile receptors 
are found forming a basket-like 
ending round the base of the hair- 
follicles (Eig, 349); their arrangement 
suggests that they would be stimu- 
lated by mechanical displacement 
of the hair. 

(iii) End bulbs (of Krause) occur 
in the conjunctiva, the papillae of the 

lips and tongue, the sheaths of nerve trunks, the skin of the genital organs 
in both sexes, and in the neighbourhood of joints. They are spherical in 
shape (Fig. 349), but 

otherwise resemble Accessory 

the tactile corpuscles. 

They are believed to 
respond to cold, 

A somewhat 
simpler type of 
ending (the organ of 
Golgi- Mazzoni (Fig. 

349)) is said to be 
specifically responsive 
to warmM, 

(3) Pain Recep- 
TOES. — The receptors 
are free (unencapsu- 
lated) thin nerve 
filaments both non- 
medullated and 
medullated. The 
muscle spindles 
and many of the 
organised skin 
receptors receive an 
‘‘ accessory ’’ non- 
meduUa^d fibre which is believed to be a pain receptor (Fig. 348). In the skin, 
two nerve plexuses are present which are related to pain sensibility : (i) a 



MEISSNER 

CORPUSCLE 


FROM CUTAN. 
NERVE PLEXUS 


0*015 mm« 


FROM CUTAN. 
NERVE PLEXUS 


Fig. 348. — Meissner’s (Touch) Corpuscles. 
1941, 75, 441.) 


(Weddell, J. Anal., 


Three end organs, each supplied by a separate medullated nerve fibre were 
found in an area 0*16 mm. wide. Note carefully the accessory non- 
medvllated nerve fibre supplying the corpuscles ; it may mediate 
pain sensibility. 
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superficial plexus under the epidermis, from wbicli filaments pass to end 
between the epithelial cells or actually in the cytoplasm of the cells. These free 
endings can be readily acted on by chemical changes in the cells produced 
by noxious agents ; (ii) a deeper subepidermal plexus. Free nerve endings 
are present round the blood vessels and in the aponeurotic sheaths of skeletal 
muscle and probably subserve pain in these localities. 

Terminology. — Afferent impulses may be divided into — 

(i) Exteroceptive : those set up by events in the outer world, such as 
auditory, visual, or olfactory stimuli, or those giving rise to sensations of 
touch, pain, or temperature. 

(ii) Proprioceptive : coming from the muscles and adjacent deep structures 
(e.g. ligaments, tendons, joints) (also called ‘‘ kinsesthetic impulses ”) and 
from the labyrinths. Proprioceptive impulses give information about the 
position of the head and the various parts of the body at rest and during 
movement. 

(iii) Enteroceptive : arising from the viscera. 



Fig. 349. — ^Various Forms of Cutaneous Sensory Nerve Endings. 

(Fulton, Physiology of Nervous System, N.Y.) 

(1) Basket-like ending round the base of a hair follicle. 

(2) End-bulb (? subserves cold sensation). 

(3) Organ of Golgi-Mazzoni (? subserves 'warmth sensation). 

General Properties of Receptors.^ — (1) Methods of Study. — Using 
amplifiers and the cathode ray oscillograph it is possible to record the action 
potential (which accompanies the nerve impulse) in single nerve fibres and 
thus get information of great interest. It is of less value to study the action 
potentials in a nerve trunk which contains many fibres : the action potentials 
are out of step in adjacent fibres, and the deflections recorded are simply the 
algebraic sum of the electrical changes (at any moment) in all the fibres and 
do not represent what happens in any individual fibre. It is usually necessary 
(i) to reduce the number of conducting fibres in the nerve under examination 
to very few (if possible to a single one) by appropriate section, or (ii) to 
simplify the peripheral end by having only a single sense organ in action. 
The latter procedure is well demonstrated in the case of the minute sterno- 
cutaneous muscle of the frog which contains several muscle spindles. When 
the whole muscle is stretched all the endings discharge asynchronously and 
numerous irregular impulses are recorded in the nerve (Fig. 350, A). Successive 
parts of the muscle are cut off, till one spindle only is left ; stretch of the 

^Adrian, Basis of Sensation, London, 1928 ; Physiol, Bev,, 1930, 10, 336. 
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muscle now gives rise to a slow regular series of impulses from the single 
ending (Fig. 350, B). The Pacinian corpuscle on the other hand is sufficiently 
large to be isolated and stimulated directly. 

(2) SPEcmciTY OF Response. Peripheral Analysis. — The receptors 
(except those for pain), because of their specialized structure respond only 
when the appropriate, specific stimulus is applied ; other kinds of stimuli are 
ineffective. Thus the tactile corpuscles or Pacinian corpuscles respond to 
deformation ; the tendon organs to stretch ; the otolith organ to the pull 
of gravity ; the retina to light ; the cochlea to vibrations of the basement 
membrane set up by sound. The receptors are thus peripheral analysers 
which respond to a specific environmental change by generating nerve 
impulses. 

(3) Repetitive Response. Adaptation. — As the skin and muscle 
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Pig. 350. — ^Action Currents set up by Stretch Receptors in Muscle. 

(Adrian and Zotterman, J. Physiol.) 

Record of afferent impulses in nerve from stretched muscle. Time, 0-01 sec. 

Capillary electrometer (amplification x 490). 

A, Intact muscle, 2 g. weignt applied. Numerous irregular impulses, 

B, Muscle divided till it contained a single nerve ending ; 1 g. weight applied. 

Slow regular series of impulses. 

receptors are in essence nothing but appropriately arranged free or encap- 
sulated, non-myelinated nerve fibres, we must consider first the response 
of a nerve fibre to stimulation. If a constant stimulus in the form of a 
constant current is applied to a nerve fibre, a single impulse is set up at the 
moment the current is made (Fig. 351). The fibre immediately becomes 
refractory and then recovers to normal, but it does not respond again to the 
presence of the current which is passing through it, though the first application 
of tffis current proved an adequate stimulus. This phenomenon is described 
as “ accommodation ” (p, 494) : i.e. the constant current ceases to be an 
effective stimulus. 

Now let us repeat tffis procedure with receptors, i.e. the appropriate 
natural stimulus is applied and maintained. The receptor responds to a 
constant stimulus not with a single discharge but with a repetitive burst 
of imrve impulses ; accommodation or adaptation as it is called in the case 
of the receptors, is not immediate. The duration of the burst varies greatly 
among the different receptors (Fig. 351) 
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(i) In the case of stretch receptors, e,g. the muscle spindles, adaptation 
takes place very slowly ; the discharge continues for as long as the muscle 
is stretched, though the frequency of the discharge tends to decline (cf. p. 589). 
Stretch receptors with practically identical characteristics are found : (a) in 
the otolith organs (p. 598), (b) in the vaso-sensory zones (aortic arch and 
carotid sinus. Fig. 479, p. 742), (c) in the alveoli of the lungs (Fig. 231, 
p. 387). The behaviour of the receptors in the ampullae of the semicircular 
canals is discussed on p. 599. Stretch receptors are also present in the hollow 
viscera, e.g, stomach, intestine, and urinary bladder (p. 770). 

(ii) In touch receptors adaptation is rapid. Thus if a hair is bent, impulses 
are set up only during the movement, but not after it has ceased, although 
the hair is kept in the abnormal position. Similarly, if hairless skin is touched 
the discharge may only last for 0*2 second. 

(iii) The rate of adaptation in 
temperature receptors is inter- 
me^ate between that of muscular 
and tactile receptors. 

(iv) Pain receptors are con- 
sidered on p. 553. Some pain 
receptors, e.g. those in the 
cornea, show little adaptation. 

Under natural conditions 
adaptation may be less of an 
impediment than appears from 
controlled experiments. The 
natural stimulus is usually of 
a more variable character, not 
affecting exactly the same group 0 i z 3 4 5 6 

of receptors all the time ; some seconds 

of the receptors in the stimulated 351.— Rate of Adaptation of Nerve 

area can thus recover during Endings. (After Adrian, Basis of Sensa- 
brief quiescent periods (free 1928.) 

from stimulation) and respond Height of curves is proportional to frequency of discharge 
^ . j » of nerve ending at various times after applying the 

maximally again the next time stimulus. 

the stimulus affects them. 

(4) Effect of Strength (Intensity) of Stimulus. — As the strength 
of stimulation is increased the frequency of the discharge rate rises from 
low levels, e.g. 5-10 per second to maximal levels of 300 per second or higher. 
Thus in Fig. 352, pressures of 250 g. and 500 g. applied to the cat’s toe-pad, 
produced peak discharge rates of about 250 and 400 per second respectively. 
A stimulus which increases slowly in intensity produces a lower peak dis- 
charge rate than a stimulus that rises very rapidly to the same maximum 
(Fig. 353). In all receptors,! ntensity of stimulation is translated into impulse 
frequency, i.e. the numbers of impulses per second transmitted along the 
related afferent fibre. 

(5) Effect of Extent of Stimulation. — An extensive stimulus activates 
more receptors and consequently impulses pass back along a larger number 
of nerve fibres. (Similarly, increasing the strength of stimulation which is 
applied to a nerve trunk brings into action more nerve fibres.) 

(6) Action Potential. — The action potential (and presumably the 
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associated nervous impulse) varies with, the diameter and type of conducting 
afferent fibre, but not with the nature of the receptor. The quality (modality) 
of a sensation (e.g, whether it is touch, heat, cold) thus in no way depends on 
the characteristics of the impulse in the afferent nerves. 

(7) The factors concerned in determining the localization and quality of 
the sensation are discussed on p. 570. 

Temperature. — A substance which has the same temperature as the 
skin produces no sensation of temperature. When a suitably warmed 
instrument is passed over the skin vivid appreciation of warmth occurs at 
certain points ; these are the warm ’’ or hot ’’ spots ; similarly, ‘‘ cold 
spots may be mapped out. The two types of spot do not coincide with 



Stimulus A' : weight of 250 g. applied to cat’s toe-pad. 

Resulting maximal frequency (A) is 260 per sec. 

Stimulus B' : weight of 600 g. Resulting maximal fre- 
quency (B) exceeds 400 per sec. 

Note rapid adaptation in both cases as stimulus is main- 
tained. 

each other and they do not respond to mechanical or electrical stimulation. 
The “ cold ” spots are far more numerous than the “ warm ” spots. They are 
mostly found on the chest, nipples, nose, anterior surface of the arms and 
forearm and on the abdomen. They are less numerous in exposed parts such 
as the face, hands, and mucous membranes. 

The temperature receptors show a special type of adaptation which is 
demonstrated by the three basins experiment. One hand is plunged into 
hot water and the other into cold water for a few moments : both are then 
placed in a basin of tepid water. The former gives rise to a sensation of cold, 
the latter to one of warmth. 

Touch, — This sensation is studied by means of Frey’s hairs, which are 
made of varying cross-section ; when bent they exert a pressure which 
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varies directly with their thickness. The touch spots bear no relation to 
the temperature spots. The adequate stimulus for touch spots is deformation 
of the skin by pulling or pushing ; uniform pressure (e.q. dipping the finger 
into a beaker of mercury) is ineffective. Touch spots are most numerous 
on the finger-tips, and very sparse on the shoulders and the shins. The most 
sensitive areas of the body are the tongue, nose, lips, and finger-tips. The 
touch spots adapt rapidly ; thus the continual stimulus of clothing is not 
appreciated, because adaptation soon takes place (see p. 650). The hair 
follicles have a rich sensory innervation. A slight touch to the hair acts 
in the same way as a stimidus applied to the long arm of a lever — ^the short 
arm of the lever being the root of the hair, which is inside the skin. The 
stimulus is thus multiplied about fivefold during transmission through the 



Fia. 353. — Relationship between Rate of Stretch of Muscle and Frequency of Impulses 
set up in Receptors. (Modified from Adrian, Basis of Sensation,) 

Vertical Axis — Above : Weight attached, to muscle to produce stretch and stimulate receptors. Below : 
Frequency of afferent nerve impulses per sec. set up hy stretching muscle and recorded in distal 
end of cut muscle nerve. 

In the stretch reached maximum in less than 1 sec. ; in B' the same maximum stretch was attained 
after 6 sec. Note that the maximal frequency of the nerve impulses (A) in response to A^ is over 
100 per sec. compared with 40 per sec. (B) in response to B'. 


hair. Consequently, shaving the skin considerably diminishes its sensibility. 
The sensation of light superficial pressure probably also depends on the 
response to touch receptors. 

Pain Sensibility. — (1) Specific Quality of Pain. — There is evidence to 
show that pain is a specific quality (modality) of sensation and does not 
merely represent the result of excessive stimulation of any kind of receptor. 

(1) When some tissues, e.g, the cornea, are stimulated they only give rise 
to pain; the only nerve endings in the cornea are naked fibres that pass 
between the epithelial cells. 

(ii) When an interrupted jet of air is applied to the skin it may cause an 
impulse discharge at a frequency as high as 300 per second, but the animal, 
judged by its behaviour, experiences no pain. 

(2) Stimulus for Pain. — ^Unlike the specialized receptors, the pain 
endings can be stimulated by a wide range of stimuli which only have in 

i8* 
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common the property of damaging tissues, they are nocuous, harmful 
stimuli. Thus excessive heat or cold, excessive stretch or tension, many 
chemical agents (products of ischaemia, acid, alkali, hypertonic solutions), 
electric currents, scratching, or cutting may produce pain. It is possible that the 
effective stimulus to the pain endings is some chemical agent released by injury 
(3) Fibre Types Involved. — ^Nocuous stimulation sets up a prolonged 
discharge of impulses, with little sign of adaptation, conducted in two kinds 
of fibres : (a) very :^e non-medullated C fibres ; the action potentials in 
these fibres are, characteristically, of low voltage and have slow time relations ; 
(6) thin medullated A fibres of larger diameter than the C fibres. The notion 
of a double peripheral pain path is supported by the following evidence : 

(i) If a hot body at a temperature of 60-65° C. is applied to the skin 
for 0-3 sec., a “ double ” pain is felt ; there is a “ former ’’ and a “ latter ” 
pain, generally called the “ fast ’’ and “ slow ” pain, which are separated 



Fig. 364. — Stimulation of Pain Afferents in Dorsal 
Nerve Boots produces Beflex Bise of Blood 
Pressure and Dilatation of Pupil. (Calma and 
Wright, J, Physiol, 1947, 106, 211.) 

Records from above downwards : 

Pupil diameter: —constricted; + dilated; arterial blood 
pressure in mm. Hg ; signal line ; time in 10 sec. 

Apply solutions directly to exposed lumbar dorsal nerve root. 

Isotonic (0*9%) Nad, no effect. Isotonic KCl (1*3%) stimulates 
pain afferents : as a result there is a reflex rise of blood 
pressure and dilatation of pupil. 

by a distinct interval ; this observation suggests the presence of two binds 
of pain fibres with different rates of conduction. In conformity with this 
view the interval between the ‘‘ fast ” and the ‘‘ slow ” pain is longer if the 
stimulus is applied to the foot and shorter if it is applied to the hand. 

(ii) In the injury to the dorsal nerve roots which occurs in tabes (p. 561), 
fast ’’ pain may be lost and only the ‘‘ slow ” component persists, presumably 

because the disease abohghes conduction in the thicker fibres first. The 
time mterval between the application of a stimulus to the knee and the 
resulting sensation of ‘‘ slow ” pain is about 1 sec. ; it is about 2 secs, when 
the foot is stimulated. The difference in time corresponds to a conduction 
rate in the nerves involved of under 0-5 metre per sec. (i.e. that of C fibres).^ 

(iii) Local apphcation of procaine paralyses the finest nerve fibres first and 
the thickest last ; asphyxia (induced by applying a cuff inflated to above 
systolic pressure to the arm) blocks conduction (under the cuff) in the thickest 

^ The pain sense attaches to a tissue “ a specific sense of its own injuries.” 

® It should be pointed out, however, that the latency in some cases may be as long 
as 20 secs. I 
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fibres first and in the tliinnest last. As might be expected, procaine abolishes 
‘‘ slow ” pain first, while asphyxia abolishes ‘‘ fast ’’ pain first. 

(iv) The non-mednllated and fine mednllated fibres in the dorsal nerve 
roots constitute the lateral division of the root ; they enter the substantia 
gelatinosa (at the apex of the dorsal grey horn), where they end. Stimulation 
of the dorsal root produces reflexly an increase in the rate of the heart, 
a rise of blood pressure (Fig. 354) and increased respiration, ix, the changes 
which are generally associated with nocuous stimulation ; these reflex 
reactions disappear if the lateral division of the root is severed. 

(4) Complex Pain. — The specific stimuli for certain receptors, when 
intense, may stimulate adjacent pain fibres ; thus excessive heat, cold, or 
pressure arouses pain as well as the specific sensation. Similarly if the 
skin is stroked vigorously with a wooden pin, there is initially a response 
from the receptors for touch and light pressure ; when a sensation of burning 
pain develops, impulses can be demonstrated travelling in C pain fibres. 
A complex sensation can thus be set up by natural stimuli as different groups 
of receptors are stimulated simultaneously or successively; the exact 
character of the sensation will depend on the variety of receptors stimulated. 

(5) Aeeeotivb Component op Pain. — Pain not only represents a special 
quality (modality) of sensation, but it is characterized by a large emotional 
{affective) accompaniment : pain is always unpleasant, and may become 
intolerable. By contrast, some kinds of sensation are almost devoid of affect, 
e.g, muscle sense ; moderate temperature may be associated with a pleasurable 
affect ; touch may be associated with every degree of affect, according to 
what is being touched (and by whom). 

(6) Localization of pain and referred pain are considered on pp. 571, 756 
(Ischaemic pain is discussed on p. 750, visceral pain on pp. 752 et seq. 

(7) Prepotence op Keplex Eppbots produced by Nociceptive Im- 
pulses. — Impulses set up by nocuous stimuli, in addition to arousing the 
sensation of pain, also set up widespread reflex effects, even in spinal animals in 
which, of course, pain sensation is non-existent. It is convenient to call nerve 
impulses set up by nocuous stimuli, nociceptive impulses ; what from the 
point of view of sensation are pain nerves, are from the point of view of reflex 
reactions conveniently termed nociceptive nerves.” Nociceptive impulses 
produce widespread reflex reactions ; e,g. a needle prick to the sole of the 
foot in the spinal animal produces the flexion reflex ; stimulation of nocicep- 
tive nerves in the dorsal nerve roots sets up marked reflex changes in circulation 
and respiration {supra). Nociceptive impulses from viscera produce reflex 
contraction of muscles and alterations in glandular secretion and in vaso- 
motor tone. When there is competition between reflexes, those which are 
set up by nociceptive impulses as a rule dominate with peculiar certainty 
and facihty,” ^.e. they are prepotent reflexes. Thus when reflex competition 
is taking place, the nociceptive flexor reflex overcomes the proprioceptive 
extensor thrust reflex or the proprioceptive reflex which is responsible for 
quadriceps tone in decerebrate rigidity.^ 

^ Sfiomal reflexes (not less important to the species than the nociceptive, and like the 
latter also associated in the intact animal with an intense affect) also show a high degree 
of prepotence. Thus the claap reflex of the male frog, which is set up by the female coming 
in contact with the skin in the sternal and adjacent region, cannot be inhibited by severe 
mutilation of the limbs or of internal organs, or by strong stimulation of the sciatic nerve ; 
it is, however, sometimes depressed by strong nocuous stimulation of the sternal skin. 
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Conduction of Afferent Impulses in the Peripheral Nerves.^— The 
afferent impulses in the peripheral nerves are conducted partly in (so-called) 
motor nerves and partly in cutaneous sensory nerves. 

(i) The former convey impulses from the deep structures, such as the 
muscles, tendons, ligaments, periosteum, and joints. The so-called motor ’’ 
nerve to a muscle is really a mixed efferent and afferent nerve ; 40% of the 
fibres in a motor ” nerve are afferent and have their cell bodies in the dorsal 
root gangha. These deep afferents connect with cells in the spinal cord, 
brain stem, cerebellum, and cerebrum and reflexly modify posture and 
movements. Some of these fibres after relaying, ultimately reach the post- 
central cortex where the impulses give rise to several kinds of sensation, e.g, 
deep pressure, sense of position, sense of passive and active movement and 
vibration sense in bone (these sensations are referred to collectively as deep 
sensibility). 

(ii) The cutaneous nerves convey impulses which, (a) produce reflex 
effects and (b) on reaching the cerebral cortex give rise to sensations of touch, 
heat, cold, and pain (cutaneous sensibility). 

Effects of Cutaneous Nerve Section.^ — Immediate Eeeeots. — In 
Head’s classical experiments, the radial and external cutaneous nerves were 
exposed in the neighbourhood of the elbow and small portions were excised ; 
the cut ends were at once united to facihtate regeneration of the fibres. All 
forms of cutaneous, i.e. superficial sensibility were abolished over the radial 
half of the forearm and the back of the hand. Deep sensibility, however, was 
retained as it is mediated by afferent fibres in the motor nerves. Deep pressure 
was recognized. Excessive pressure gave rise to aching pain. There was 
awareness of the position and of movements of the part. 

Recovery of Skin Sensibility. — (1) Anatomical Considerations.— 
The histological changes of degeneration and regeneration following nerve 
section are described on p. 496 ; broader anatomical factors must now be 
discussed. Under ideal conditions each sprouting central axon would grow 
down its old neurilemma! sheath to its own type of receptor in its original 
locality. Such perfect anatomical recovery never takes place even when the 
two cut ends of the nerve are carefully stitched together immediately after 
the section, because it is certain that the two cut ends of any one fibre will 
never ® be placed in apposition ; much better anatomical repair may occur, for 
obvious reasons, when a nerve is crushed and not cut. When the two ends of 
a cut nerve are separated by a gap, many of the sprouting central axons get 
lost, never reach the peripheral sheaths, and so never function. Such fibres 
as do reach the distal end of the nerve will make one or more errors in the 
connections they establish. 

(i) They may connect up with a receptor which is of their own type but 
which hes in a different region of the skin, e.g. a touch fibre originally supplying 
the base of the thumb may connect with a receptor at the tip of the thumb. 

(ii) They may connect with a different type of receptor, e.g. a touch fibre 
may connect with a temperature receptor. 

(iii) Mistakes (i) and (ii) will often be combined. 

1 Walshe, Brain, 1942, 65, 48-112. 

® If a mixed nerve which supplies muscles as well as skin is cut, there is in addition 
paralysis of the corresponding muscles of the lower motor neurone type (cf. p. 606) and 
loss of deep sensibility. 

* “ What, never ? Well, hardly ever.” 
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(iv) A fibre of large diameter may enter the neurilemmal sheath of a small 
diameter fibre and so be unable to attain its normal diameter ; when con- 
nections are re-established the fibre will conduct at the lower velocity 
characteristic of the new diameter. 

(v) The new fibres in neurilemmal tubes of any size increase in diameter 
very slowly, so that even months after the onset of regeneration none of the 
large fast conducting fibres have yet appeared ; the functional properties of 
the nerve are consequently modified. 

(vi) The rate of re-establishment of peripheral connections depends on 
the length of the route to be traversed and on the difficulties encountered, 
especially those met while crossing the original gap. 

(2) Functional Results oe Impereections oe Regeneration.— Func- 
tional recovery is likewise imperfect. 

(i) If many skin receptors fail to establish central connections, skin 
sensitivity is generally depressed and areas of anesthesia may be present. 

(ii) The ability to localize a stimulus is impaired when abnormal connections 
are established between the periphery and the cerebral cortex. Thus, suppose 
that point a at the base of the thumb was connected originally with area A 
in the sensory cortex ; experience ” has “ taught ” us that cortical activity 
at A represents stimulation of point a. If new peripheral connections are 
established, cortical area A may become connected with, say, point h at the 
tip of the thumb. A stimulus at b will then be interpreted centrally as coming 
from a, i.e, there will be false localization which can only be overcome, if at 
all, by prolonged practice (cf. p. 756). Or again, cortical touch area A may 
become connected with a skin temperature receptor ; temperature stimuli 
will consequently not be recognized at all or be misinterpreted as touch 
stimuli. 

(iii) Because of the altered pattern of fibre diameter, the impulses which 
reach the cortex may also imdergo modification in other ways, e,g, in velocity 
or in the character of the action potential. 

The interpretation of the quality, intensity, and locality of a stimulus 
depends on the perfect action of the whole afferent system from periphery to 
cortex (as fully discussed on p. 570). The facts set out above explain why 
physiological recovery is always to some extent imperfect. Return of function 
takes a long time ; the initial phases of recoyery are associated with the 
return of the cruder aspects of sensation, with' false localization, and false 
appreciation of quality and intensity ; accurate sensation returns very slowly, 
partially or at best not quite completely. 

(3) Recovery in the Head Type oe Experiment, — In Head’s experi- 
ment, in which the anatomical conditions were almost ideal, recovery occurred 
in two fairly well defined stages. The first phase of crude recovery {froto- 
jpathic sensibility) began after 8 weeks and was maximal in 30 weeks. The 
returning sensation was punctate, being limited to some pain spots, hot spots, 
and cold spots, the intervening areas of skin being insensitive. The fi n dings 
at this stage are as follows : 

(i) Pain. — A pin-prick cannot be located accurately, and the pain radiates 
widely and is not infrequently referred to some part at a distance from the 
point actually stimulated. A stronger pain stimulus than normal must be 
applied before it can be appreciated — ^in other words, the threshold for pain 
is high. The reaction excited is excessive and “ sickly ” in character ; the 
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stimulus gives rise to greater pain on the afEected side than does a like 
stimulus on the normal side. The first return of pain is associated anatomically 
with the growth of a few isolated pain fibrils into the cutaneous nerve plexuses. 
As might be expected, deep pricks (2-3 mm. deep) may arouse pain in areas 
which are still anaesthetic to lighter and more superficial pricks. 

(ii) Temperature.— k sensation of cold is produced by temperatures below 
24® C. ; similarly, a sensation of heat results from temperatures above that 
of the body — the lower limit being between 38® and 45® C. It is impossible 
to recognize any temperature quality between 24® and 38® C. Thus extremes 
of temperature are recognized as “ cold ’’ or “ hot ’’ respectively, while 
intermediate grades give rise to no sensation of temperature whatever. 

(iii) During this period trophic changes in the skin, which may have 
resulted from unappreciated cuts and burns, begin to recover rapidly. Normal 
growth of the part is also restored. 

During the next year or longer, the finer and more discriminative aspects 
of sensibihty {epicritic sensibility) return. Intermediate grades of temperature 
can now be recognized. Tactile localization — the ability to recognize the 
exact spot touched — ^is restored. Tactile discrimination returns : two 
compass-points applied close together are recognized as two distinct points. 
Light touch, e.g. the application of cotton wool, is now appreciated. Abnormal 
radiation ceases, and the quality of the sensation becomes normal in character. 

The two stages described by Head often overlap to a • varying extent ; 
functional recovery is less satisfactory in most patients with nerve injuries 
than in his case.^ 

Dorsal Nerve Roots.^ — All the afferent impulses from the periphery, 
(including the viscera (p. 735), pass into the dorsal nerve roots and enter the 
spinal cord. The medullated A fibres in the dorsal roots vary in diameter 
from 1-20 ; in addition, there are numerous non-medullated C fibres present, 

constituting about 40% of the total number. The dorsal roots also contain 
vasodilator (probably C) fibres (p. 308). 

Skin Distribution of the Dorsal Roots. Dermatomes. — The skin 
area supplied by a dorsal nerve root {dermatome) cannot be mapped out 
simply by determining the extent of the ansesthetic zone resulting from 
section of the particular root, owing to the extensive degree of overlap between 
adjacent dorsal roots. The methods which have been employed in man are : 

(i) Cut three dorsal roots (in operations carried out for the relief of 
intractable pain) above and three below the root investigated and determine 
the area of residual sensibility ; this area gives the full extent of the intact 
dermatome. 

(ii) Stimulate the peripheral end of the cut dorsal root (exposed at operation) 
and map out the area of resulting cutaneous vasodilatation, or mark out the area 
of herpetic eruption in pathological irritation of the dorsal root ganglia (p. 309). 

Afferent Paths in the Spinal Cord. — 1. Cutaneous Sensibility. — T he 
fibres subserving skin pain, temperature, and a part of those for touch end 

1 When a motor nerve is cut, similar anatomical and physiological difficulties arise. 
Motor fibres may grow to new muscle fibres in the same or in another muscle, or may 
form attachments to sensoiy endings. Deep sensibility may be impaired and the skill of 
muscle movements is reduced. When a mixed nerve is cut, further complications may 
occur, as motor fibres may grow to the skin, and skin fibres to muscles. 

* The law of Bell-Magendie states that the dorsal roots contain exclusively afferent 
and the ventral roots exclusively efferent fibres. 



AFFERENT PATHS IN SPINAL CORD 


559 


round the cells of the dorsal horn of grey matter. The fibres which arise here 
cross to the ventro-lateral columns of white matter of the opposite side to 
constitute the spinothalamic tract (Fig. 355). This tract consists of two 
divisions : a lateral one, carrying pain and temperature fibres, and a ventral 
one carrying touch fibres. The spinothalamic tract also contains : pain 
fibres from muscles and related structures, and viscera ; fibres subserving 
sexual and bladder sensations ; fibres subserving tickle, itch, and muscular 
fatigue. Some of the fibres for touch as explained below, pass into the dorsal 
columns of the same side (cf. p. 560). 

The crossing of the spinothalamic fibres takes place round the central 
canal of the spinal cord, in the grey commissure. In the lower levels of the 
spinal cord these fibres cross transversely in the segment from which they 
arise. In the higher levels of the cord this crossing becomes increasingly 
oblique. Thus, in the thoracic region, it occupies two or three segments, 
and in the cervical region four or five segments. At all levels the fibres for 
pain cross most transversely, those for touch most obhquely, while those 
for temperature occupy an intermediate position (cf. p. 696). 

2. Deep Sensibility. — The fibres which carry impulses from the deep 
structures end in three ways : 

(1) Some end round Clarke’s column of cells at the base of the dorsal 
horn, chiefly in the thoracic and upper lumbar regions. From this column 
the dorsal spinocerebellar tract and the ventral spinocerebellar tract arise. 
These two tracts convey impulses from the muscles, tendons, and joints to 
the cerebellum ; these impulses do not give rise to conscious sensations. 
The effect of an injury to these cerebellar tracts is to “ maim ” the cerebellum ; 
unless the cerebellum continually receives impulses from the deep structures 
it cannot carry out its functions of maintaining posture and co-ordinating the 
activities of muscles. We therefore find that injuries to the ascending cere- 
bellar tracts produce symptoms of cerebellar disease such as ataxy or atonia. 
(These are described more fully on pp. 608 et seq.) 

(2) Some end in the spinal grey matter or pass up to the brain stem 
nuclei {e,g, vestibular or reticular nuclei, red nucleus) and are concerned with 
reflex posture (tone) and reflex movements. 

(3) The other fibres from the deep structures pass up directly in the dorsal 
columns of the spinal cord. In the cervical region the dorsal columns are 
divided by a septum into the medial column, the funiculus gracilis or tract of 
Goll, and a lateral column, the funiculus cuneatus or tract of Burdock, 

(i) The funiculus gracilis arises from ganglion cells of dorsal nerve roots 
supplying the lower half of the body and therefore carries impulses from the 
lower limb and the lower half of the trunk. Every fibre as it enters the dorsal 
columns of the cord comes to he close to the medial side of the dorsal horn. 
As it ascends the cord it is graduaUy displaced medially by fibres which enter 
at higher levels. The funiculus gracilis in the lumbar region thus hes close 
to the medial side of the dorsal horn ; as it ascends it passes medially, and in 
the cervical region it occupies the medial column of white matter. The tract 
ends in the nucleus gracihs in the medulla. 

(ii) The funiculus cuneatus arises from ganghon cells of dorsal nerve roots 
supplying the upper limb and upper half of the trunk. It occupies the lateral 
part of the dorsal column of white matter, and ends in the nucleus cuneatus in 
the medulla. 
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A further relay of fibres from these medullary nuclei passes to the thalamus 
and thence to the sensory cortex. There the impulses give rise to sensations 
about the ^position of the limbs in space, and the direction and extent of 
movements whether passive or active. Injury to the dorsal columns results 
in loss of conscious sensation from the deep structures and disturbance of 
movements (for details see p. 561 (2) and p. 562 (4)). 

The dorsal columns also contain touch fibres from the same side of the 
body ; these touch fibres do not relay in the spinal cord but travel up the 
dorsal columns to end in the gracile and cuneate nuclei in the medulla oblon- 
gata (Fig. 355). 

Sensory Disturbances in Diseases of the Spinal Cord. — (i) Syringo- 
myelia is a condition of excessive overgrowth of neuroglial tissue, accom- 
panied by cavity formation involving the grey matter round the central 
canal of the spinal cord. The crossing &>res subserving pain and temperature, 
which decussate in the grey commissure, are damaged, with resulting loss 
of these sensations. The touch fibres which cross in this region are likewise 
destroyed, but touch has a double path; the fibres which ascend in the 
dorsal columns escape. We thus obtain the characteristic dissociated anaesthesia 
of this disease, i,e. there is loss of pain and temperature sensibility, while the 
sense of touch is retained. 

EoBmatomyelia is a condition in which a haemorrhage suddenly destroys 
the same region of the cord as in syringomyelia ; similar sensory findings 
are found. The same changes are found in intramedullary tumours of the 
cord. 

The nutritional or trophic changes in skin and bone in syringomyelia 
may be due to loss of the protective pain and temperature sensations. Any 
part that is injured fails to receive care and attention because no pain is felt ; 
suppurating whitlows and necrosis of bone are common. 

(ii) In Subacute Combined Degeneration of the cord (associated with 
pernicious ansemia (p. 197)) the dorsal columns are often affected early, with 
consequent loss of so-called conscious muscle sense. 

(iii) In Hemiseotion of the Cord by injury or by compression from 
extramedullary growth, dorsal column sensibility is lost on the same side 
as the lesion ; pain and temperature sense are lost and touch is blunted on 
the opposite side (cf. p. 695). 

Section of Dorsal Nerve Roots. — Section of the dorsal nerve roots 
produces the following results in the corresponding segments of the body : ^ 

(i) Loss of all forms of sensation — ^pain, temperature, touch, muscle and 
visceral sensibility ; trophic changes appear. 

(ii) Loss of all reflexes superficial and deep ; loss of muscle tone. 

(iii) Great clumsiness in the movement of the part, which makes its use 
almost impossible. This disturbance develops because all parts of the central 
nervous system — ^the cerebral cortex and the centres concerned with the 
reflex control of posture — are deprived of afferent impulses from the muscles. 
The motor impairment is well shown by comparing a cat in which all the 
dorsal nerve roots to the fore limbs are cut with another in which the skin 
alone is dpervated. The second animal can readily walk up an inclined 
ladder, while the former can never reach the top and usually falls off the ladder 

^ For foller details of results of clinical injuries to the dorsal nerve roots, see the 
discussion of tabes (p. 561). 
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and has to watch the rungs very carefully all the time. If, in a monkey, the 
dorsal nerve root supply to a limb is severed, it ceases to be used altogether 
even when the animal is in grave danger. 

Tabes Dorsalis — The essential lesion in this common disease is a degen- 
eration of the dorsal nerve roots central to their ganglia, affecting especially 
the fibres which ascend in the dorsal columns (i.e. those concerned with deep 
sensibility) and those which subserve pain. 

The clinical manifestations illustrate well the effects of partial destruction 
of dorsal nerve roots, and amplify the brief summary given in the preceding 
section. The resulting phenomena are subjective and objective : 

1. Subjective Phenomena. — Lightning pains : these come in attacks, 
with intervals of freedom. The first effect of the disease seems to be to 
stimulate pain fibres in the dorsal nerve roots. The pain may be referred 
to skin, muscle, or bone, and may vary in intensity from slight discomfort 
to intolerable agony. 

2. Objective Findings, — The fibres conveying pain impulses and those 
from the deep structures are affected first and to the greatest extent. 

(1) Fain Sensibility, — Pain sensibility may be lost, its appreciation is 
delayed (p. 554), or it may be inaccurately localized. As in syringomyelia, 
loss of pain sensibility may be responsible for trophic disturbances. The 
perforating ulcers found under the ball of the foot may arise from the neglect 
of a corn. 

As the dorsal roots mainly affected in tabes are those which supply the 
lumbo-sacral and the cervico-thoracic regions of the cord, the common areas 
of ansesthesia are round the anus, over the legs, upper chest, and the ulnar 
borders of the hands. The involvement of the fifth nerve accounts for the 
ansesthesia of the central part of the face. 

The joint deformity Imown as the Charcot joint may be produced thus : 
an injury is inflicted on a joint, or a mild sprain or subluxation may occur ; 
as no pain is aroused, the condition is neglected, receives no effective treat- 
ment, and becomes progressively worse until considerable damage to the 
articular surfaces of the bones results. 

(2) Deep sensibility, — ^As the fibres that ascend the dorsal columns are 
damaged there is loss of sense of position, passive movement, and vibration 
sense in bone. 

(i) Loss of sense of position : with the eyes closed the patient is unaware 
of the exact position of the various parts of his body. 

(ii) Loss of sense of passive movement : while the eyes are closed, the 
great toe, for example, may be flexed or extended without the patient’s 
knowledge of the alteration of position imposed on the toe. 

(iii) Loss of vibration sense in bone : after striking a tuning-fork, the 
handle is placed on some bony prominence. Normally, a sensation is felt 
which is varyingly described as a ‘‘ buzzing ” or “ electrical ” sensation. 
When dorsal column sensibility is lost, the patient states that he merely 
feels a cold object in contact with his skin. 

(3) Reflexes, — Muscle tone depends on impulses which enter via the dorsal 
nerve roots from the corresponding muscles (p. 582). As these impulses are not 
received, loss of tone (atonia) or diminished tone (hypotonia) results. The 
muscles are flabby ; the limbs can be placed in unnatural positions, and 
excessive movement is permitted at the joints without producing discomfort. 
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The deef reflexes (p. 644) {e.g, knee-jerk, ankle-jerk) which depend on the 
integrity of stretch afferents ” in the dorsal nerve roots, are also lost. 

(4) Voluntary Movement — There is considerable disturbance of voluntary 
movement, illustrating the important general principle that the indispensable 
basis of all purposeful and effective motor activity is accurate information. 
Normal persons carry out many movements without the aid of the visual 
sense, being guided partly by the impressions which reach the sensory cortex 
via the dorsal columns, and partly by proprioceptive impulses which do not 
attain consciousness but end in the spinal cord, brain stem, and cerebellum 
to control posture and indirectly to guide voluntary movement (p. 606). 
Many movements, e,g, walking, can normally be carried out with a minimum 
of attention. When the afferent impulses from muscles are cut off, the gait 
becomes clumsy ; the patient walks with his legs apart to help compensate 
for his ataxy. Every phase of each limb movement is overdone, because 
the normal afferent impulses which would check the movement are not 
received. The feet are raised too high and stamped down too forcibly— 
stamping gait The finger-nose test demonstrates the defect under considera- 
tion very well. The patient is asked to place the tip of the forefinger of the 
outstretched hand on the nose while his eyes are shut. Instead of taking the 
shortest and most direct route, and readily touching the nose, the finger 
wanders about aimlessly, and finally alights on the cheek, chin, or neck. 
As the patient is imaware of the position of the nose or the finger and does 
not know what progress the hand is making, it is little wonder that he fails 
to find his objective. Should the patient close his eyes while standing with 
the feet together, he sways from side to side, and, if not supported, finally 
falls to the ground {Romberg's sign). This inability to stand may be due in 
part to loss of the afferent impulses which subserve the stretch reflexes ; these 
normally produce a sustained contraction of the antigravity muscles in the 
legs and trunk thus maintaining the erect posture (cf. p. 695). 

(5) Temperature and touch sensibility are affected to a variable extent, 
but for some unknown reason, the dorsal root fibres subserving these sensa- 
tions tend to escape injury. 

(6) The sphincter trouble in tabes results from the loss of visceral sensibility 
of bladder and rectum. The patient does not know when his bladder is 
comfortably full, and consequently allows it to go on filling, and become 
excessively distended without experiencing any desire to micturate. The 
heightened pressure^ in the bladder finally forces the sphincter open, and 
small amounts of urine overflow at intervals (see also p. 771). 

Ascending Paths in the Brain Stem. — (1) Funiculus Geaoilis and 
C uNEATUS. — In the lower medulla, the funiculus gracilis ends in the nucleus 
gracilis, the funiculus cuneatus in the nucleus cuneatus. From the small 
cells forming these nuclei a fresh relay of flbres arises, which sweeps ventrally 
across the middle line as the internal arcuate fibres to form the medial 
lemniscus which lies near the middle hne and dorsal to the pyramid. The 
decussation is called the decussation of the medial lemnisci. Some fibres 
from the nuclei pass via the external arcuate fibres and the restiform bodies 
(inferior peducles) to the palaeocerebellum (Fig. 383A and p. 606). 

The medial lemniscus at this stage is only conveying the impulses carried 
in the domal columns, t.e. those from receptors in muscles and tendons 
(deep sensibility) and from touch receptors in skin. 
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(2) Spinothalamic Tract— Tlie fibres which carry impulses from pain 
and temperature receptors (p. 559) remain on the surface of the medulla 
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Fig. 355. — Diagram of Course of Ascending Tracts. 


ends in the middle part V= Afferent fibres of fifth nerve. Sens.Nuc.=» Sensory nucleus of 
wLiIa +hA nerve, N.P.=Nuclei pontis. Pyr.^^Pryamidal tract. 

01 une roOb, Wime me N.Gr.= Nucleus gracilis. N.Cun. = Nucleus cuneatus. D.Sp.C. 

superior part of the nucleus =Dorsal spinocerebellar tract. V.Sp.C.= Ventral spino- 

^ • r • cerebellar tract. M.L.=Medial lemniscus. 01. «= Olivary 

receives tne interior or nucleus. Spino-Thal. ^spinothalamic tract. Pun.Cun., Pun. 

mandibular division of the of^^^ cuneatus and gracilis. C1.C.= Clarke’s 

nerve. In other words, 

the face is represented ‘‘upside-down” in the nucleus. The medial lemniscus 
also receives accessions of fibres from other sensory cranial nudei, particularly 
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the vagus (from the air-passages), the dorsal nuclei of the ninth and seventh 
nerves {taste fibres) (for details see p. 581) and perhaps from the vestibular 
division of the eighth nerve (from the labyrinth) (p. 597). 

In the midbrain the medial lemniscus lies in the tegmentum dorsal to 
the substantia nigra and close to the middle line ; it passes through the sub- 
thalamic region to end in the thalamus (Fig. 355 A). 

The Thalamus 1 (Fig. 356).— The main nuclei and connections of the 
thalamus are set out below in summary form : 

1. Anterior Nucleus (Fig. 356, 1, A), 

(i) Keceives the mammillo-thalamic tract which relays fibres that arise 
in the hippocampus and travel via the fornix to the mammillary 
bodies (cf. p. 582). 

(ii) Sends fibres to the cingular gyrus (area 24) and the paracentral 
lobule. 

2. Medial (Dorso- 
medial) Nucleus (and 
related ‘‘ intralaminar ” 
nuclei) (Fig. 356, 1, M] 
2, DM; 3, DM, CM): 

(i) Receives and 
sends fibres to the 
hypothalamus (F%. 428). 

(ii) Sends fibres to 
most regions of the frontal 
lobes (p. 669). 

As explained on p. 670 
rich to-and-fro fibre con- 
nections link up the anterior 
and medial thalamic nuclei 
with the hypothalamus and 
the prefrontal Idbbs, and so 
Fig. 365a. — ^Ascending Tracts to Thalamus and Sensory convert these grey masses 
Cortex. (See legend to Fig. 366.) into an integrated function- 

ing entity. 

In addition these two thalamic nuclei establish to-and-fro connections 
with most areas of the cerebral cortex and thus subserve the ‘‘ resting 
eleptroencephalogram (p. 617 ; Fig. 357). The suppressor bands in the cerebral 
cortex send fibres via the caudate nucleus to the thalamus to block this 
“ closed cortico-thalamic circuit ” and so suppress the cortical resting ’’ 
potentials (p. 620). 

3. Lateral Nucleus. — This is essentially a relay station, linking skin, 
muscle, taste receptors and efferent fibres from the cerebellum with the post- 
central and precentral cortex. 

(1) Lateral ^art : (i) dorsal (Fig. 356, 2, 3, DL) ; (ii) posterior (Fig. 356, 
3, PL) ; these send fibres to the parietal lobule. 

Yentral 'part : 

(i) Anterior (Fig. 356, 1, 47) : sends fibres to the caudate nucleus 
and putamen. 

(ii) Lateral {latero-ventral nuclem) (Fig. 356, 2, D7) : receives fibres 
^ Walker, Primate ThalamuSy Chicago, 1938 , 
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from the opposite neocerebellum via the crossing superior 
cerebellar peduncle ; relays the cerebellar impulses to the 
excitomotor areas 4 and 6. 

(iii) Posterior (jpostero-ventral nucleus ) : 

(a) medial (Fig. 356, 3, PMY) : receives the fibres of the 
secondary neurones from the face (V) and the taste receptors 
in the tongue (via IX and VII) ; relays the impulses to the 



Fig. 356. — ^Nuclei of Thalamus (Monkey) 
(after Hanson & Clark, Amtomy of 
Iffervcms System, Phila,, 8th edn., 1947.) 

The sections are in the frontal plane ; 1, 2, S 
are in that order from before backwards. 

A, anterior thalamic nucleus. 

AV, anterior ventral nucleus. 

C, caudate nucleus. 

CM, centrum medianum. 

DL, dorsal lateral nucleus. 

DM, dorsal medial nucleus. 

GP, globus pallidus. 

HM, medial habenular nucleus. 

H, habenulopeduncular tract. 

IC, internal capsule. 

LV, lateral ventral nucleus. 

M, nuclei of midline. 

PL, posterior lateral nucleus. 

PLV, posterolateral ventral nucleus. 
PMV, posteromedial ventral nucleus, 
red nucleus. 

SN, substantia nigra. 

Ill, 3rd ventricle. 


face area and the associated taste area in the inferior part 
of the postcentral cortex. 

(b) lateral (Fig. 365, 3 , PLV) : receives the fibres of the second- 
ary neurones from the arm and leg ; relays the impulses to 
the middle and superior part of the postcentral cortex (arm 
and leg areas). 

4. PosTERiOB Nucleus : 

(1) Puhinar : sends fibres to the parietal association areas.” 

(2) Medial and lateral geniculate bodies : receive the fibres of the 
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secondary visual and auditory neurones and relay the impulses to 
the visual and auditory areas of the cortex (pp. 572, 575). 
Functions of the Thalamus.— (1) The thalamus (medial nucleus), by 
virtue of its efferent connections with the hypothalamus is a icdcx centre 
concerned with emotional exteriorization (for full discussion see p. 664). 

(2) Because of its rich interconnections with the prefrontal lobes the 

thalamus is part of an integrated nervous 
- complex subserving 'personality, emotional 

A 1 social behaviour (p. 670). 

thalamus is concerned with the 
/ / If maintenance and control of the resting 

^ electroencephalogram (p. 617 ; Fig. 357). 

, _ These intimate thalamo-cortical inter- 

IZ relationships make the anterior and medial 

nuclei of the thalamus (for most purposes) 

• an integral, though anatomically displaced, 
j y part of the cerebral cortex itself. 

I "" (4) The interconnections of the thalamus 

• V corpus striatum are shown in Fig. 424; 

\ \ V' V the relationship of the thalamus to the 

syndrome of choreoathetosis is considered on 

p. 661. 

(5) The latero-ventral nucleus relays 
Tif L impulses to the excitomotor areas. 

1 IdP Lesions of this nucleus produce signs of 

III cerebellar disturbance in the opposite side 

LAP of the body. These consist of weakness 

oKr, 4.- r-D 4. a,nd slowness of movement; ataxy during 

Fig. 357. — Connections of Postero- , , , / n i i 

Tential Nnclens and Medial voluntary movement (cf. p. 610) ; dimmisied 
Nucleus of Thalamus. muscle tone. The superficial reflexes and 

L. A F= Afferent fibres from leg, arm the plantar response are normal on the 
and face whicl. relay in the brain o-PPp^+n/q of 
stem and cross over to the opposite anecrea SlOe OX tUe DOUy. 

side in medial lemniscus to end in the (6) The pOStero- Ventral nucleus relays 

fv.L!r^T^ey^rei^^^ sMu, muscU, and taste afferents to the 

postcentral cortex. Lesions of this nucleus 

M-^The medial thalamus, which is P^oduce Striking sensory disturbances (see 
connected^ with the cortex by a p, 567). 

corticothalamic ^paSway^.*^°This (^) RELATION OF THE ThALAMUS TO 

thi Conscious SENSATiON.-The following 

encephalogram. observations are relevant to the discussion : 


Fig. 357. — Connections of Postero- 
ventral Nucleus and Medial 
Nucleus of Thalamus. 


(i) Removal of the cerebral cortex on 
one side in the monkey or baboon produces on the opposite side of the body 
complete anaesthesia for a few days ; subsequently limited recovery occurs. 
If the other cerebral cortex is now removed this residual sensory activity 
remains unimpaired, indicating that it is mediated by a subcortical level. 

(ii) In man, hemidecortication produces severe sensory loss over the 
opposite trunk and limbs ; all forms of sensation are lost except heavy touch 
and pin-prick which are recognized, but imperfectly localized. Over the 
opposite face the sensory disturbance is less marked : touch and pin-prick 
are readily recognized and to some extent localized. There is evidence, 
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however, that the greater preservation of skin sensibility in the face is due 
to the fact that the skin of the head is represented in both hemispheres. As 
some sensibility persists in the trunk and limbs after hemidecortication it 
seems likely that in man subcortical neurones, probably in the thalamus, 
can mediate some form of “ vague ” sensation. 

(iii) Thalamic Syndrome . — This clinical syndrome is due to occlusion of 
the artery which supplies (mainly) the portions of the lateral thalamic nucleus, 
which are the relay station for the arm, leg, and cerebellar afferents. All the 
symptoms are found on the opposite side of the body and are as follows : 

{a) Weakness, decreased muscle tone, and ataxy, due to injury to the 
cerebellar ajfferents (pp. 608 et seq.). 

(b) Choreic and athetotic movements (p. 660), due perhaps to interference 
with the connections between the thalamus and the corpus striatum. 

(c) The same kind of loss of the discriminative aspects of sensation as 



Fig. 358.-”Projection of Body Wall of Monkey on Sensoiy Cortex. 
(Adrian, J. Physiol.^ 1941, 100.) 


occurs in lesions of the postcentral cortex. The loss includes the sensation of 
light touch, tactile localization and discrimination, intermediate grades of 
temperature and appreciation of small movements at joints (of. p. 569). 
These results are readily understandable as the thalamic nucleus which 
relays to the cortex has been damaged. The sensations which are retained are 
appreciation of gross movements and of hot and cold stimuh (which are 

poorly localized). j. tt jj j.- . 

(d) There are altered emotional affects. Thus one of Head s patients 
complained that his trousers produced such impleasant feelings that h& had 
to remove them. Another patient found the singing of hymns and of “ God 
save the ” quite intolerable. Some stimuli, e.p. warmth applied to the 
skin, tickUng, and erotic stimuli may produce greatly enhanced states of 
pleasure ; on the other hand painful stimuli {e.g. pin-prick) may produce 
intolerable fl-ngnlab. “ Spontaneous ” agonizing pain may develop without 

obvious cause. . , , 

There is no satisfactory explanation of these emotional disturbances. 
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Head attributed them to the release of the anterior and medial thalamic 
nuclei from cortical inhibitory control; but the lesion does not usually 
involve corticothalamic fibres. Alternatively it may be suggested that the 
anterior and medial nuclei are released from some other thalamic influence ; 
as a result the grey ‘‘ complex ” consisting of anterior and medial thalamus 
and frontal lobes, functions abnormally producing the changed affects ’’ 
described. 

Somatic Sensory Cortex.^ — The functions of that part of the parietal 
cortex which subserves conscious skin and muscle sensibility have been 
studied in a number of ways. 

(1) Cortical Potentials in Animals. — The points of immediate termin- 
ation of afferent impulses in the sensory areas (receiving areas, ‘‘ arrival 
platforms of the cortex can easily be mapped out by electrical means. 
The cortex is exposed in an anaesthetized animal ; stimulation of skin or 
muscle sets up a burst of action potentials in a restricted region of the cortex 
which represents the arrival point of the impulses. The map thus determined 
when the body wall (skin and muscles) is stimulated in the monkey is shown 
in Fig. 358. The receiving area in all species is mainly concerned with those 



Fco. 359. — ^Representation of Different Regions of Body Wall on Sensory Cortex in Rabbit 
The **faGe** area represents the lips and vlbrissse exclusively. (Adrian, J, Physiol.^ 1941, 100,) 


parts of the body which are mostly closely related to the outside world ; thus 
in the cat there is a large area for the claws, in the rabbit for the mouth region 
(Fig, 359), in the dog for the face, and in the monkey for the hands and face. 
The impulse patterns set up by the peripheral receptors become modified 
as they pass through the various relays in the central nervous system as a 
result of central summation, irradiation, and after-discharge ; the patterns 
arriving in the sensory area thus differ significantly from those set up by the 
sensory endings. Strangely enough, no cortical responses have yet been 
detected in the animal species examined, following the application of tempera- 
ture or painful stimuli. 

(2) Anatomi( 3 AL Studies. — Such studies in man show that the fibres of 
the medial lemniscus are topographically projected;^ on to the postcentral 
(ascending parietal) gyrus. The postcentral gyrus has the typical granular 
structure which characterizes the sensory cortical areas (Fig. 388 ; p. 615). 
Fibres from other parts of the thalamus (dorsal-lateral, posterior-lateral 
nuclei and pulvinar which receive no incoming sensory fibres) project to the 

^ Bard, Hwrv&y Ledures, 1937-38, 33, 143. Bard et al,, Johns Hopkins Hosp, Bull., 
1942,70, 399. > 

* TopograpHcal projection : this means that each small group of arriving fibres 
makes cozmection with a limited group of cells found in a specific cortical area. 
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parietal lobe behind tbe postcentral gj^us. This latter region therefore receives 
what has been called evasively the “ integrated product of thalamic activity.” 

(3) Electrical Stimulation in Man.— Electrical stimulation of the 
exposed surface of the postcentral gyrus in a conscious man leads to hallucina- 
tions of tactile stimulation, feelings of numbness or tingling or a sense of 
movement or pressure which are referred to the opposite side of the body ; 
but there is never any complaint of pain. Irritation arising from disease 
produces similar symptoms. Stronger electrical stimulation may set up 
movements owing to impulses passing forward to the motor areas. A high 
degree of topographical representation of the different parts of the body can 
be demonstrated by electrical methods in the postcentral gyrus in man 
corresponding roughly to the motor localization in the precentral cortex 
(cf. p. 635), though more overlapping takes place. 

(4) Clinical Evidence. — The postcentral gyrus, which directly receives 
the afferent paths, is presumably mainly concerned with mediating the 
elementary sensations of touch, pressure, heat, cold. The more posterior 
part of the parietal lobe (superior parietal lobule, part of the supramarginal 
and angular gyri) is thought to be associated with the more elaborate processes 
of discriminating between stimuli and the recognition of common objects placed 
in the hand {stereognosis) without looking at them. Study of patients with 
disease or injury to the parietal lobe shows that the parietal cortex is con- 
cerned with the following aspects of sensation : 

(i) Differences in the relative intensity of different stimuli : heat is not 
merely distinguished from cold, but warm objects are distinguished from 
warmer, cold from colder, rough from rougher, and so forth. 

(ii) Recognition of spaticd relationships : (a) Tactile localization : the 
precise point stimulated is accurately located, (b) Tactile {two-point) 
discrimination : two points of a compass placed close together are recognized 
as two and not as one. (c) The extent and direction of small joint displace- 
ments can be estimated accurately. Thus the relations of a stimulus in one, 
two, or three dimensional space are clearly defined. 

(iii) Appreciation of similarity and difference in external objects brought in 
contact with the surface of the body (without the aid of visual impressions) : 
differences and similarity of size, weight, form, and texture are thus recognized. 

(iv) Stereognosis : this is the most elaborate function subserved by the 
parietal cortex. It necessitates perfect reception of the impulses set up by the 
stimuli from the object. The sensations produced are “ synthesized ” in the 
cortex and compared with previous similar sensory “ memories.” ^ We thus 
recognize an object as a half-crown and distinguish it from a penny piece by 
the presence of the milled edge (for which we deliberately feel). 

It should be emphasized that the forms of sensation enumerated in 
paragraphs (i)-(iv) above are lost or impaired in lesions of the parietal lobe. 
(As explained on p. 581 the face area of the postcentral gyrus is closely 
associated with the taste area.) 

As gross forms of anaesthesia are rare in clinical lesions of the sensory cortex 
casual examination of the sensory nervous system may reveal no abnor- 
mality. The patient must always be tested for stereognosis (which is almost 
constantly defective) and in the other ways indicated above. Prolonged exam- 
ination at one time must be avoided, as the sensory cortex fatigues readily. 

^ The words in inverted commas are, physiologically, meaningless. 
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As explained on p. 566, hemideoortication produces more grave sensory 
loss ; the residual sensibility in such cases is due partly to activity of the 
sensory cortex on the opposite side and partly to activity of the thalamus 
itself. 

Motor Changes in Lesions of Sensory Cortex. — In lesions of the sensory 
cortex the patient’s complaint is commonly of clumsiness (ataxy) and use- 
lessness ” of the affected side (which is on the side opposite to that of the 
diseased cortex). This finding again emphasizes the overwhelming importance 
of proper afferent guidance of the motor areas of the brain. 

General Discussion of Relation of Stimulus to Sensation. — (1) Pro- 
jection AND Localization. — Activity of the sensory cortex (whether set 
up naturally or artificially) is not experienced in consciousness as an event 
occurring in the head but as an event at the periphery ; this ^projection of the 
sensation varies with the receptors involved. Thus impulses from the body 
wall give rise to sensations projected to skin or muscle ; from the labyrinth— 
to the head and neck ; from certain viscera — somewhat vaguely to the interior 
of the body ; from the distance receptors (eyes, ears) — to external space 
whence the stimuli originated (thus we project retinal impulses set up by a 
man seated in an armchair to the place where he is and not to our own eyes ; 
we project a sound to the orchestra whence it came, and not to our own ears). 
A special aspect of projection is locaUzation of stimuli applied e.g. to skin ox 
muscle. Locahzation depends primarily on regular anatomical connections 
between the receptive field (e.g. skin) and the receiving area of the cortex, 
i.e. on topographical (so-called point-to-point ”) projection of the peripheral 
field on to the receiving cortical area. The electrical evidence mentioned on 
p. 568 supports this view. For highly accurate localization, a prerequisite 
is that minute areas of the sensory surface should connect with “ private ” 
groups of cortical cells ; this is the case with the skin of the fingers. On the 
back, however, large skin areas are projected on to a small cortical zone ; 
precision of localization is correspondingly poorer. The term point-to- 
point ” connection must not be understood too literally. An area of 1 sq. mm. 
of human skin may contain ten groups of two or three touch corpuscles 
supplied by nerve fibres which enter several dorsal root filaments or even two 
separate roots. Consider further, that the touch fibres have a dual central 
path (dorsal columns and spinothalamic tract) and that at each relay each 
afferent fibre establishes multiple potential connections. It follows that any 
‘‘ spot ” on the skin probably activates not a cortical spot but a zone : the 
central region of the zone is stimulated maximally, the more peripheral 
parts feebly ; the cortical response to a punctate stimulus is thus a character- 
istically patterned locaHzed area of activity, which in some unknown way 
gets attached to it spatial properties with respect to the sensory surface. 
When a more extensive skin surface is stimulated, multiple cortical areas are 
activated. (For referred pain see p. 756). 

(2) Intensity of the sensation is related to the frequency of the afferent 
impulses (p. 551). 

(3) Quality (Modality) op the Sensation.— This seems to depend on 
unknown special properties of the region of the cortex activated. No matter 
how a sensory cortical centre ” is stirred up to activity — whether by natural 
stimulation of the appropriate nerve endings, or by artificial stimulation of 
the afferent nerve trunks, or of the cortical substance itself — the response 
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alw&ys lidrS t]i6 distiuctivs ^ixd specific qusility. This stSitcmeiit must not, 
however, be taken too literally ; the effects in consciousness of artificial 
stimulation of a sensory cortical area resemble, of course, only vaguely the 
results of normal stimulation by impulse streams from the normal afferent 
channels, yet the same quality of sensation is aroused. 

(4) Outstanding Problems op Pain Sensation.— (i) Tnere is little 
evidence that the parietal cortex mediates pain sensation. The pain afferents 
undoubtedly pass up as far as the thalamus ; lesions below the level of the 
thalamus may abolish pain sensibility. It seems not improbable that the 
complex mass “ prefrontal cortex— thalamus ” is responsible both for 
recognition of pain and the associated emotional “ affect.” Supporting 
evidence is as follows : (a) lesions of the thalamus may lead to “ central pain ” 



Fig, 360. — ^Diagram of Auditory Path, 

0.1^.= Cochlear N'erve; V.N.= Vestibular nerve; Dors.N.= Dorsal 
cochlear nucleus; Vent.Iir.= Ventral cochlear nucleus; M.Str.= 

Medullary striae ; S.O. Superior olive ; T.N. = Trapezoid nucleus ; 

Trap. = Trapezium ; Lat.L. “Lateral lemniscus; I.P.== Inferior 
peduncle (Restiform Body) ; D==Deiters* nucleus. 

and greatly exaggerated pain affects (cf. thalamic syndrome p. 667) ; (6) in 
cases of visceral disease with intractable pain which has not responded to any 
form of drug treatment, prefrontal leucotomy may greatly decrease tibe 
‘‘ affect ’’ feeling of pain) ; the patient recognizes the existence of pain 
but it has ceased to worry him or dominate his whole outlook. 

(ii) Any proffered explanation of the accurate localization of many forms 
of painful skin stimulation has to dispose of the following difficulties : (a) 
because of the wide interconnections of the nerve nets in the skin subserving 
pain any punctate skin stimulus must feed back into multiple afferent 
channels ; (b) the thalamus can only mediate vague and inaccurate localiza- 
tion ; (c) the skin is not topographically projected on to the prefrontal cortex. 
It will be remembered, however, that many specialized receptors have an 
associated accessory “ pain ” fibre ; thus, vigorous scratching would stimulate 
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first toucli and light-pressure receptors and then the associated pain receptors. 
The stimulus to touch and light-pressure receptors is accurately locaHzed ; 
this localization may then be “ appended ” to the associated pain sensation 
and to the affect.” 

The Auditory Path. — The cell bodies of the cochlear division of the 
auditory nerve are in the spiral ganglion of the cochlea ^ in the internal ear ; 
the peripheral axons pass to (or more precisely arise between) the hair cells 
of the organ of Corti ; the central axons pass to the medulla dorsal to the 
restiform body. Here they end in two nuclei : the ventral cochlear nucleus, 
between the two divisions of the nerve, and the dorsal cochlear nucleus, 
which lies on the dorsolateral aspect of the restiform body. Prom these 
cell stations a fresh relay of fibres arises (Figs. 360, 441-443). 

(1) From the ventral nucleus a band of transversely running fibres, the 
trapezium, arises, which mainly crosses to the opposite side about midway 
between the ventral and dorsal aspects of the pons ; collaterals are given to 
the superior olive and the trapezoid nucleus which connect up with motor 
cranial nuclei (especially VI) supplying the muscles of the eyes, head and neck.^ 

(2) From the dorsal nucleus the medullary stricB^ arise, which mainly 
cross the midline in the floor of the fourth ventricle and then turn sharply 
ventrally in the reticular formation to join the trapezium.^ The united fibres 
then turn upwards as the lateral lemniscus. 

As indicated, the decussation of the auditory fibres is partial, like that 
of the optic nerve fibres {q.v.). Some of the fibres of the trapezium and the 
medullary striae pass up the lateral lemniscus of their own side. 

In the midbrain the lateral lemniscus turns sharply dorsally to end in 
the medial geniculate bodies ; the two medial geniculates are united by fibres 
running through the optic chiasma, forming van Gudden’s commissure. 
Collaterals are given to the inferior colliculi which serve as a centr6 for reflexes 
in response to sound. 

From the medial geniculates a fresh relay of fibres arises, which passes as 
the auditory radiation behind the posterior limb of the internal capsule to 
end in the auditory centre in the temporal lobe, mainly in Heschl’s gyrus 
(anterior transverse temporal gyrus) which is buried in the fissure of Sylvius, 
and also in the superior temporal gjnrus. Stimulation of this region in a con- 
scious man leads to auditory hallucinations, e.g. buzzing, booming, or clicking 
noises ; animals so treated will prick up their ears. It should be emphasized 
that fibres from one cochlea ultimately reach the auditory cortex on both sides. 

Hound the primary auditory centre there is believed to be an auditory- 
psychic centre which subserves the appreciation of the nature of auditory 
stimuli. Thus, in the course of time, when we hear the sound of a whistle 
we associate it at once in our mind with a policeman, or a train moving out 
of a station, etc. When the significance of common sounds can no longer be 
appreciated, a condition of auditory agnosia is said to exist. In the first and 
second [superior and middle] temporal convolutions on the left side is an 
area in which the sounds employed in speech are ‘‘ understood ” ; this 
constitutes the auditory speech centre (p. 653). 

1 Cochlea = snail-shell, or a spiral staircase, as in the Hippodrome at Byzantium. 

* There is evidence that aU the cochlear fibres relay in the superior olive and trapezoid 
nucleus ; this would make the lateral lemniscus a tertiary auditory neurone. 

* Or Strioi aoouaticcB. * Or trapezoid hody. 
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Mechanism of Hearing. — (1) Conduction of Sound Waves in Eae. — 
Sound waves pass down the external auditory meatus and impinge on the 
drum which, being aperiodic, reproduces faithfully the frequency of the 
stimulating tone. The ossicles of the middle ear in their turn accurately 
transmit the frequency of the vibrations of the drum to the footpiece of the 
stapes which fits into the foramen ovale. The^m'd (perilymph and endolymph) 
in the scales of the internal ear in its turn vibrates with the same frequency. 
Owing to the anatomical arrangement of the ossicular system the energy 
of the vibration of the drum is transmitted to the fluid in the scalse with 
a tenfold increase in intensity ; the intensity of the vibrations of the fluid 
is directly proportional to the amplitude (loudness) of the tone. The frequency 
and energy of the vibrations of the perilymph and endolymph are transmitted 
to the fibres of the basilar membrane (auditory strings) on which rests the 
organ of Gorti, innervated by nerve filaments from the cochlear division. 

(2) Stimulation op Oeoan of Coeti. — The fibres of the basilar membrane 
number 24,000 in man ; they are shortest at the base of the cochlea and 
largest at the apex. The range of fibre length is between 64-1 28/^ and 352- 
iSOju. These fibres act as resonators ; fibres of one (or closely related) length 
respond specifically to vibrations of a certain (probably narrow) range of 
frequency. The longest fibres respond to the lowest frequencies (lowest tones), 
the shortest fibres to the highest frequencies (highest tones). The vibrations of 
any section of the basilar membrane set up movements in the superjacent 
part of the organ of Corti ; these movements serve, it is thought, as the 
specific stimulus to the local nerve filaments of the cochlear nerve. All the 
disturbances in the ear discussed so far are mechanical in nature, reproducing 
faithfully as stated the wave frequency and wave form of the original tone ; 
the final result, however, in the organ of Corti is the generation of nerve 
impulses. The nerve terminals here display the same general properties as 
receptors elsewhere (cf. p. 549). 

(i) Analysis of Pitch. — The pitch (i.e. the frequency) of the tone deter- 
mines (as explained) which group of fibres of the basilar membrane responds 
and consequently the locality in the cochlea of the nerve terminals that 
are stimulated. Direct study of the action potentials in single or small 
groups of fibres in the cochlear nerve reveals no difference in the form of the 
potential changes in different fibres of the nerve ; the cochlear action 
potentials furthermore are indistinguishable from those recorded from other 
afferent nerves. Direct experiment also proves that individual tones stim- 
ulate specific small groups of cochlear fibres, depending on the frequency 
of the tone ; thus high tones generate impulses in the nerve fibres from the 
basal region, low tones in the fibres from the apex of the cochlea. Conversely, 
minute lesions of the organ of Corti result in loss of action potential changes 
in the (whole) cochlear nerve in response to specific tones. Thus a lesion 
(in the cat) 2 mm. from the basal end of the cochlea resulted in a maximal 
loss of response to tones of 8200 cycles ; a lesion 14*5 mm. away caused a 
maximal loss to tones of 256 cycles ; in this species about 2*5 mm. of cochlea 
are alloted to each octave. When a larger cochlear area is damaged, the tone 
loss is correspondingly more extensive.^ 

(ii) Analysis of Loudness (Intensity). — frequency of the cochlear nerve 

^ Ades and Felder, J. Neurcyphyaiol., 1942, 5^ 49 ; Galambos and Davis, ibid.^ 1943, 
/5, 39. 
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impulses bears no relationship whatsoever to the frequency of the stimulating 
sound waves. It may be emphasized that the same lack of relationship 
obtains between the frequency of light waves impinging on the retina and 
the impulse frequency in the optic nerve, or between the frequency of heat 
waves falling on the skin and the impulse frequency in the corresponding 
cutaneous nerves. In the cochlear fibres, as in all the receptors so far 
examined, the impulse frequency varies directly with the strength of the 
stimulus, i,e, the loudness of the sound, and is thus related to the amplitude 
of the stimulating sound waves and the resulting force of movement of the. 
basilar membrane. A weak tone sets up a low impulse frequency, a loud tone’ 
a high frequency. The nerve endings show little adaptation (cf. p. 550), Le, 
the impulse frequency is not diminished when the stimulus is maintained. 

(3) Auditory Centres. — The nerve impulses thus set up in the cochlea 
pass through the relay stations enumerated above (p. 572) to reach the cerebral 
cortex. The auditory centre, i.e. the receiving area for cochlear nerve impulses, 
can be readily mapped out experimentally by recording the brief action 
potentials which are set up in the cerebral cortex in response to sound stimuli 
(the same method is employed for mapping out the somatic sensory cortex 
(p. 568). In the monkey the centre thus delineated lies in a portion of the 
superior face of the superior temporal gyrus in the angle between the posterior 
and medial borders of the gyrus. As might be expected (cf. visual pathway, 
p. 576) there is an accurate topographical (point-to-point) representation 
of the cochlea first in the medial geniculate body and secondly in the auditory 
cortex. In the cat, for example, the basal end of the cochlea is projected 
on to the anterior end, and the apex, on the posterior end of the auditory 
centre, and intermediate cochlear regions intermediately on the centre. 
The central representation of each cochlea is bilateral. Corresponding points 
from the two cochleae {i.e. those responding to the same tones) are projected 
on to the same spot in each auditory centre and give equivalent responses. 

The fundamental mystery about the auditory centre is the same as that 
for all the cortical sensory areas, namely, how is it that activity of nerve cells 
in this region is associated with the conscious sensation of sound, and how 
is it that the activity of special clumps of “ auditory ” cells gives rise to con- 
scious sensations of different sorts of sounds ? There is no answer as yet to 
these queries. 

Clinical Lesions of Auditory Pathway. — Ablation (or more partial 
lesions) of one temporal lobe in man does not cause complete deafness but 
affecis the acuity of hearing, localization of sound, and auditory memories ; 
as explained, fibres from corresponding points on the cochlea end in the 
temporal lobe on both sides. Deafness from a lesion of the brain stem is rare, 
and can only occur when a lesion of the central part of the pons destroys the 
trapezium or involves both lateral lemnisci. 

It should be mentioned for completeness that the labyrinthine fibres 
probably also terminate in the temporal lobe. 

The Visual Path. — The visual fibres arise in the layer of nerve cells 
in the retina and pass backwards along the optic nerve to the optic chiasma. 
Partial decussation takes place ; the fibres from the nasal sides of the 
retinae cross, and those from the temporal side of the retinae remain uncrossed. 
The left optic tract therefore conveys fibres from the left halves of both retinae. 
E^ch half of the retina receives light rays from the opposite half of the field 



VISUAL PATH 


575 


of vision. The left optic tract corresponds, therefore, to the right or opposite 
half of the field of vision. The fibres from the macula lutea (yellow spot), 
or region of most precise vision, behave in exactly the same way. The fibres 
from the nasal sides of both 


maculse cross, and those from 
the temporal sides remain 
uncrossed (Fig. 361). 

The optic tracts thus con- 
stituted wind round the outer 
side of the crura cerebri and 
end in two main areas ; 

(i) The superior colliculi (or 
in the near-by pretectal area), 
which are not concerned with 
conscious vision but serve as 
a centre for visual reflexes {e.g. 
the light reflex, p. 578). Stimu- 
lation of the superior colliculi 
usually causes the eyes to move 
to the opposite side accompanied 
by turning of the head in the 
same direction, elevation of the 
eyebrows, opening of the 
palpebral fissures, and changes 
in pupil diameter (constriction 
or Natation). 

(ii) In the lateral geniculate 
body, from which a fresh relay 
arises which passes back in the 
optic radiation to the occipital 
cortex. The fibres pass through 
the internal capsule behind those 
for “ common sensation,’’ and 
then pass deep in the s-ubstance 
of the temporal lobe round the 
outer surface of the lateral 
ventricle to reach the ‘‘ half- vision 
centre ” in the occipital lobe ; 
in man this centre is situated in 



Fig. 361. — ^Diagram of Visual Path. 


the cuneus and lingual gyrus 
above and below the calcarine 
fissure on the medial aspect 
of the lobe (area 17) (Fig. 365). 
The “ half-centre ” is so called 
because, like the optic tract. 


Mac.=Macula; O.N. == Optic nerve ; Op.Ch.=*Optic 
chiasma ; Op.Tr.=* Optic tract; N'.III.==jN'ucleus 
of third nerve ; Ill.= Issuing fibres of third 
nerve ; B.N. *= Bed nucleus ; S.C. = Superior 
colliculi; Coll.]Sruc.F. = Colliculo-nucIear fibres; 
M.G.=s Medial geniculate body; L.G. “Lateral 
geniculate body; Oort. N.^Cortico-nuclear fibres 
(from frontal lobes to third nerve nucleus). For 
significance of numbers 1-6, see text, p. 580. 


each occipital centre represents 
the opposite half of the field of vision. 

Central Projection of Visual Fibres.^ — ^About one-third of the fibres 
in the optic tract are derived from the maculae, and a similar proportion 


^ Le Gros Clark, Physiol. Rev., 1942, 22, 205. 
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of the surface of the lateral geniculate bodies is devoted to their reception 
(Fig. 362). Both anatomical and electrical studies (cf. p. 568) have shown 
that there is an orderly point-to-point (topographical) projection of the 
retina, firstly in the lateral geniculate body, and secondly in the occipital 

cortex.^ . , 

Lateral Geniculate Bodies. — The projection of the retinae on these 
bodies is shown in Fig. 362b ; the large area allotted to the maculae is well 
demonstrated. The grey matter of the lateral geniculate bodies shows six 




Fig. 362 a.-— Cross Section of Optic Nerve showing position of Degenerating Fibres. 

Left ; After lesion of macula. Right ; After lesion of upper half and lower 
half of peripheral retina respectively. Degenerating fibres shown dotted. 


distinct layers, numbered 1 to 6 (Fig. 363). The fiibres from the retina of the 
contralateral side end in layers 1, 4, and 6 ; the fi.bres from equivalent spots 
on the ipsilateral retina end in the same region but in layers 2, 3, 5. There is 
thus a fusion of equivalent spots in the lateral geniculate whence fibres pass 
to the cortex (Fig. 364). Fig. 363 shows that after enucleation of one eye in 
man, layers 2, 3, and 5, in the lateral geniculate body of the same side show 
transneuronal degeneration, while layers 1, 4, and 6 remain intact. 

Cortical Eepresentation. — In man the 'peripheral part of the retina 


Fig. 362b. — Projection of Retinal Fibres on Lateral Geniculate Body. 

Sections through lateral geniculate body showing the relative position of the 
projections from the macula (white), upper peripheral retina (black), and 
lower per^heral retina thatched) ; sample sections. (After Brouwer and 
Zeeman, Brain, 1926 ; Iiilton, Physiology of Nervous System^ K.Y.) 




is represented well forward on the medial surface of the occipital lobe above 
and below the calcarine fissure. The macula has a very much larger central 
representation and occupies mainly the posterior part of the medial surface 

^ This can be demonstrated by taking advantage of the occurrence of ‘‘ transneuronal 
degeneration ” (p. 498). If a spot on the retina is destroyed experimentally in an animal, 
localized degeneration takes place in the optic nerve and tract and in a perfectly specific 
region of the lateral geniculate body. The retina can thus be mapped out on the lateral 
geniculate body. Localized injuries of the visual cortex lead to a retrograde, degeneration 
in the nerve cells of the lateral geniculate body ; the visual cortex can thus be topographi- 
cally projected on to the lateral geniculate body. By comparing the results in the two 
series of experiments the retina may be accurately projected on to the visual cortex. 
(See Brouwer, Bee, PM, Assoc, n&rv, mmt, Dis,, 1934,. 2^, 634.) 
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(though, there is also a forward running tongue), In man the macular 
representation stops at the occipital pole (Fig. 365). 

Each occipital half- vision centre (e.g. the left) represents the homolateral 
(in this case the left) halves of the two retinas and therefore (as stated) the 
opposite (right) halves of the field of vision. Furthermore, above the calcarine 


Fig. 363. — Layers of Grey Matter of Lateral Geniculate Body in Man. 

Above : Diagram of six layers of grey matter. Crossed retinal fibres end in stippled 
lamina (1, 4, 6), and uncrossed fibres in the clear lamina (2, 3, 5). 

Below ; Section through grey matter of lateral geniculate after enucleation of the 
eye on the same side, Note atrophy of cell lamina 2, 3, and 5. (Le Gros Clark, 

Trans, Ophthal. Soc., 1942, 62, 231; Brii, J, OphOud., 1932, 66,) 

fissure (cuneus), the upper halves of the retinas (lower halves of the field of 
vision) are represented ; below the calcarine fissure (lingual gyrus), the lower 
halves of the retinae (upper halves of the field of vision) are represented.^ 
Both the region of the occipital lobe which surrounds the visual receptive 
area {e.g, area 18) and the posterior parietal region are believed to function 
^ Hobnes and Lister, Brain, 1916, Z9, 34 

19 
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as a visuopsycliic area. Activity in this region enables the nature of objects 
seen to be recognized, e.g. a pencil, paper, or ball is recognized as such.^ 
Reference is made on p. 669 to the fact that fibres from the frontal eyefield 

(area 8) pass back to 
area 18, and that the latter 
connects with the temporal 
cortex. It should also be 
emphasized that area 19 
(anterior to area 18 on 
the lateral surface) is one 
of the suppressor bands 
(p. 620). Responses similar 
to those resulting from 
stimulating the frontal eye- 
fields can be obtained on 
stimulating the occipital 
eyefields (in areas 17 and 
18) (p. 637). 

The Light Reflex. — 
The nervous arc_ fiinDlQy_ed 
by the light reflex is 
probably as follo vra: ^1^ 

S^nt fib roa-^ter_the 

s u^perior colliculi or thp 
adjacent pretWta^i region 
:fim the op tic 
Here a n ewj celay a rises— 
the fibres, 

which cross both in front 
and behind the a gueductug 
Sylvii to reach the most 
anterior part of th e third, 
neryenufileiia, These fibres 
are probably mingled with 
the tectospinal tract , which 
iT^estined to end in the 
spinal co rd. As the fibres 
from each retina reach both optic tracts and both superior colliculi, it is 
found that shining light on one eye causes constriction of both pupils 



Fig. 364. — ^Mode of Termination of Fibres of Optic 
Tract in Six Layers of Lateral Genionlate Body 
and farther Course to Visual Cortex. (After Le 
Gros Clark, J, Amt., 1941, 75, 232.) 

Continuous lines^crossed fibres ; interrupted lines = uncrossed 
fibres. 


^ Le Gros Clark has suggested that the layered arrangement of the lateral geniculate 
is related to colour vision. The Helmholtz theory of colour vision enunciated in terms of 
modem sense-physiology supposes that each of the three primary colours, red, green, and 
violet, stimulates a specific receptor in the retina (presumably a specific type of cone). 
Each cone connects up with a gangUon cell and thence with an optic nerve fibre. Clark 
suggests that all the cones from one eye concerned with one colour end in one of the layers 
of the lateral geniculate ; thus the cones for red might end in layer 2 fiom the ipsilateral 
eye ; those from the contralateral eye would end in layer 1. The new relay from layers 1 
and 2 would end in one cortical point (Fig. 365). Activity of what may be crudely called 
the red, green, or violet pathways alone would arouse a sensation of that colour alone. 
Activity of the three sets of pathways combined suitably would arouse all other colours. 
The sensation of white light would depend on the simultaneous and equal activation of all 
three colour pathways. 
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{consensual light reflex). The fibres of the third nerve relay in the ciliary 
ganglion and pass in the short ciliary nerves to the eye. 

Convergen ce- Accommoda tion Reactio n. — ^During accommodation for 
near visTon Lhe uiliary liiuscle (on both sides)’ contracts, the suspensory 
ligament of the lens is relaxed, and the anterior surface of the lens becomes 
more convex. At the same time, the eyes converge owing to contraction of 
both medial rectus muscles, and the pupils are constricted. Convergence- 
accommodation is to some extent a willed movement, as the object must be 
definitely looked at before it occurs. It is suggested that visual impulses pass 
to the occipital cortex and are relayed to the frontal lobes. Fibres arise there 
which descend in the 
anterior limb of the 
internal capsule to 
reach the medial part 
of the pes pedunculi.- 
These corticonuclear 
fibres then turn 
abruptly dorsally 
through the medial 
lemniscus to the 
opposite side, to end 
in the third nerve 
nucleus which 
supplies all three 
muscles mentioned 
(see F^. 361). 

Stimulation of 
area 19 in the occip- 
ital cortex leads 
to constriction of 
the pupil, the fibres 
concerned running 
first to the pretectal 
area ; there is thus 
another pathway from 
the cerebral cortex 
that maybe employed 
in pupilloconstrictor 
reactions. 

Ar gyll Robertson Pupil.^ — This term is applied to a condition in 
which tne pupillary constriction in response to a light stimulus is absent 
or notably diminished, while the sphincter pupillse stiU contracts during con- 
vergence-accommodation. From the description given above, it is clear 
that the only part of the reflex pathway for pupillary constriction which is 
“ private ” to the light reflex and is not shared by the convergence-accom- 
modation reaction is the part of the optic tract which enters the superior 
colliculi, the superior colliculi themselves, and the colhoulonuclear fibres (the 
afferent fibres subserving accommodation pass up to the cortex) ; the oculo- 
motor nerve is the final common path for both reactions. The Argyll Robertson 
1 Wilson, J. Neurol, Psychopathol,, 1921, 2 1 
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Pig. 365. — ^Localization of Visual Centres in 
Occipital Lobe. 

Medial surface of the brain in man. The representation of 
the macula is far greater than that of the peripheral part 
of the retina. (After Brouwer and Van Heuven. JRes. 
Pvbl. Assoc. Res. nerv. merit. DU., 1934, IS.) 
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pupil is often associated clinically with lesions in the vicinity of ^ the aque- 
ductuB Sylvii and the superior collicuh which would interrupt the private ” 
light reflex path. As syphilis of the nervous system commonly affects this 
region, this sign is very frequently found in this disorder. 

Effects of Injury to Visual Pathway, — The following definitions may 
t|p]p nnHpTfltfl.T>H the effects of the commoner lesions of the visual 

tracts. [The numbers in brackets refer to Fig. 361, p. 575.] 

Eemianovia : blindness of half the visual field from causes other than 
retinal. This may be i (i) bitempmal or binasal.. i.e? loss of both tempora] or 
Both nasal ffelds of vision, (ii) Homonymous,; loss of the right or tlic left halves 
of both fields of vision, (iii) QuadrantmT blindness of one quadrant only. 

A lesion of the central paff of the optic chiasma (2) (e,g. from pituitary 
tumours) where the fibres from the nasal side of both retinas cross, causes 



Fig. 366. — ^Bitemporal Hemianopia. 

Loss of both temporal halves of the visual fields in patient with pituitary tumour. The outer dotted line 
indicates the normal extent of the field of vision ; the inner thick continuous line shows the field of 
vision in the patient. The shaded parts of the chart indicate the degree of visual loss. (H. Zondek, 
KrankheUen der Endokrinen Drmen.) 


bitemporal hemianopia (Fig. 366). A lesion of the outer margins of the chiasma 
(3, 3) may damage the fibres from the temporal sides of the retinse, and cause 
binasal hemianopia. Any lesion of the optic nerve, chiasma, or tracts up 
to the point where the fibres for the superior colliculi leave (1-4), produces 
loss of the light reflex from the blind side of the retina. A lesion of the 
lateral geniculate body, optic radiation (5), or occipital cortex produces loss 
of sight, but the light reflex from the blind side of the retina is retained. A 
lesion of the optic tracts (4), or their contiauation to the cortex (5), causes 
homonymous hemianopia : i.c. a lesion of the left tract or the left visual 
centre causes loss of the right halves of the field of vision in both eyes. 

/ncoma?Ze/ie lesions of the vis rgl cortex lead to los s of colour vision ; white 
objects are seen indislmctly, or sensatioh ma^v be excite d, onla zLby tlie mor e 
potent tTOe of stimuli such as abruptly movi ng nhjAP.^ Lesions ofTIie 
lateral surface ot the bram (areas 18 or 19, i,e, in the posterior parietal 
region (Fig. 430)), leave visual sensibility intact but cause disturbance of 
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higher visual functions, such as loss of visual orientation and localization in 
space, impaired perception of depth and distance, loss of visual attention and 
inability to recognize visually the nature of common everyday objects. 

Taste. — Taste receptors (taste buds) are found mainly on the dorsal 
surface of the tongue but also on the palate, pharynx and, tonsils. Four Muds 
of^ primary tastes are recognized : sweety salt, soi^ andJbitter. What we cafl 
a taste is a combination of these primary tastes with vyous smells. 

^OoxjBSE OP Taste Fibres. — ii) Posterior Third o f Tongu e,— afferent 
fibres travel in the glossopharyngeal nerve to the medulla. 

(ii) A nterior Two-thirds of Torixjue. — The afferents fet travel in the 
lingual branch of then leave'i n the chorda tympani ; the tastellbre s may 
then taire one of tT^^utes : 7al continue in the chorda tymnani to join the 
iaciarherve and pass centraUv in it to the geniculate gangHon (where the 
cell bodies are found), or (6) leave the chorda tvmpani to pass tjurough the 
otic ganglion to join the great superficial petrosal nerve and pass in it to the. 
ge ni^ate ganglion? ~ ^ 

^ From the genic^ate ganglion the central axons pass in the nervus inter- 
medins (afferent and autonomic division of the facial nerve) to end in the 
pons in the dorsal nuclei of IX and YII ; some descend in the related descend- 
ing tract {tractus solitarius) to end in the adjacent nucleus of the tractus 
soHtarius. From this column of grey matter a new relay arises, the fibres 
crossing to join the opposite medial lemniscus and end in the thalamus close 
to the termination there of the afferent fibres of the face. The third relay 
arises here and ends in the inferior fart of the postcentral cortex in, or close to, ■ 
the cortical area receiving the afferents from the face. Changes in the 
electrocorticogram occur in this area when for example, quinine solutions 
are placed on the tongue. 

It should be emphasized that “ common sensibility ” on the tongue, 
(touch, hot, cold, pain) is mediated by receptors the fibres of which pass in 
the Vth nerve (cell bodies in the semilunar ganglion) to end in the principal 
sensory nucleus of Y and in its long descending nucleus. From what has 
been said it is clear that all the afferents from the tongue, both of taste and 
common sensibility, pursue a closely associated course to the thalamus and 
cerebral cortex. In man, localized lesions of the inferior postcentral re^on 
on one side may produce unilateral loss both of taste and of common sensibility 
on the opposite half of the tongue. Hallucinations of taste have been produced 
in man by stimulation of the inferior postcentral area. 

The older view that the taste fibres end in association with those of smell 
in the hippocampal region of the cerebral cortex is incorrect. 

The sense of taste is not merely a luxury bestowed on us by Providence 
to enable us to enjoy a wider range of sensual experiences ; it also has a 
. limited protective value, causing some (but by no means all) harmful foods to 

1 According to Cushing, removal of the semilunar ganglion of the Vth nerve never 
causes any loss of taste over the posterior third of the tongue, but after the operation 
there is a transient loss of taste over the anterior two-thirds. This transient loss of taste 
is attributed to the post-operative degeneration and swelling of the fibres of the lingual 
nerve (concerned with “ common sensibility ” in the tongue) which have their cell ^dies 
in the semilunar ganglion. The taste fibres which are carried as ‘‘ passengers ” in the 
lingual nerve are temporarily pressed on and their conductivity is impaired for a sho^ 
time. As the lingual nerve fibres atrophy, the fibres of taste recover and regain their 
function. 
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is transected, e,g, in the midthoracic region (Kg. 367, A) there is an initial 
period of spinal shock ; during this time, the distal part of the cord carries 
out no reflex activities. Muscle tone is absent in the affected region and the 
muscles are utterly flaccid (cf. p. 690). 

After a time the isolated part of the cord resumes functioning as a reflex 
centre. Some degree of contraction returns slowly, and mainly in the flexor 
muscles of the lower limbs ; 
the extensors, however, remain C 

flabby. In consequence of 
this unequal distribution of 
activity between the flexors 
and extensors, the lower limbs 
become placed in an attitude 
of flexion at the knee and 
physiological flexion (dorsi- 
flexion) at the ankle. The 
degree of contraction of 
the muscles is, as a rule, 
insufSicient to support the 
weight of the body against the 
influence of gravity (p. 691). 

In some patients a greater 
degree of extensor activity de- 
velops as described on p. 693. 

It can be readily proved 
that this flexor position is 
reflexly maintained; if the 
appropriate dorsal nerve roots 
are severed {e,g. at l,Kg. 367), 
the muscles lose their tone 
completely. 

Decerebrate Prepara- 
tion. — ^By decerebration is 
meant carrying out a complete 
trans-section through the brain 
stem. As the classical studies 
on the decerebrate preparation 
were carried out on the cat, 
the description that follows 
is based primarily on findings 
in this species. But it must be 
emphasized that as one ascends the animal scale through monkeys and primates, 
to man, there is an increase in the size of the cerebral hemispheres and in the 
degree of dominance which they exert over the lower levels of the nervous 
system ; there are correspondingly considerable species differences in the effects 
of decerebration. In the cat, ff the brain stem is dividedin the midbrain between 
the superior and inferior colliculi (mid-coUicular transedicm) (Fig. 367, 0) 
decerebrate rigidity develops. With the animal lying on its side the head 
is drawn back, the four limbs are extended at knee and ankle,^ the lower 

1 “ Pliysiological extension *’ of the ankle is what the anatomists call “ plantar flexion.*’ 



Fig. 


367. — ^Levels of Trans-section to Produce 
Spinal Preparation and Decerebrate Rigidity 
(Cat). 

A trans-section through the midthoracic (A) and midcervical (B) 
cord respectively produces a spinal preparation. 

A section above Belters’ nucleus (D.X.), in the midcoDicular 
region (C) produces decerebrate rigidity in the cat. 

In the case of the hind limb, section of dorsal nerve roots 
(at 1) abolishes muscle tone ; in the fore limb (of the 
decerebrate cat) tbe vestibular nerve must be cut also 
(section at 2 and 3) to abolish muscle tone. 
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jaw is held up, the back is arched and the tail is lifted up. It is very difficult 
to alter passively the position assumed by the different parts of the body, 
hence the name rigidity. Examination shows that many muscles are firmly 

contracted; such contraction (without move- 



MUSCLE 


Fig. 368. — ^Reflex Arcs respon- 
sible for Decerebrate Rigid- 
ity (Cat). 


ment, under so-called resting conditions) has 
always been described as muscle tone by 
clinicians. The decerebrate preparation thus 
displays muscle tone in a high degree, hyper- 
tonus in fact; but while the preparation is lying 
down on its side this muscular activity seems 
devoid of ‘"purpose’’ or “meaning.” But if the 
decerebrate animal is raised on its legs, it is 
found that with a little help the preparation 
stands, too stiffly and imperfectly, it is true 
(and it tends to topple over), but the distribution 
of muscular activity now does constitute a 
purposeful pattern. The muscles which are 
contracted are now seen to be the antigravity 
muscles, i.e. those which normally maintain the 
erect position of the body and oppose the action 
of gravity {e,g, limb and head extensors, jaw 
raisers). In the decerebrate preparation, the 
muscular hypertonus thus maintains a position or 
posture, Le, that of “caricatured or exaggerated 
standing ” ; the meaning or purpose of tcne 
is thus revealed as a muscular contraction which 
maintains a position. The position at any 
momentmU vary with the degree and distribution 
of the tone, A detailed study of decerebrate 
rigidity gives a good deal of insight into the 
mechanisms responsible for muscle tone. 

Reflex Arc of Decerebrate Rigidity. — (1) 
The muscle tone producing the rigidity is reflex 
in origin ; in the hind limb, for example, the 
rigidity disappears on section of all the dorsal 
nerve roots. The afferent impulses concerned 
do not come from the skin but from the muscles 


viN^^ root tendons : (i) removal of the skin over a limb 

c.b.E.*,’ cervical dorsal nerve does not affect the rigidity; (ii) if all the nerves 
shOTt^inr^N.f sS ^0 the limb are cut except the nerve to 
vek?b: qua<irioep8, tone in that muscle ^rsists; this 
Sp. Tr., vestibulospinal tract, nerve contams, of couTse, the afferent fibres 
Nivfti, v^ufirdi^sion^f the muscle as well as the efiferent fibres to 
ynith nerve. v.N., Vestd- the muscle. (iii) If the dorsal nerve roots which 
Tr., reticulospinal tract. receive the aflerents from the quadriceps are 
cut, tone in the muscle disappears. Tone in a 
muscle thus depends on afferent impulses from itself, i,e, tone is a proprioceptive 
reflex. 

(2) The afferent impulses concerned are set up by the slight stretch to 
which the various antigravity muscles are subjected ; if the stretching force 
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is removed by cutting off the quadriceps tendon from its attachment to the 
bone, tone disappears. Muscle tone is thus due to a stretch reflex (p. 588). 
Impulses set up by stretch stimulate the ventral horn cells to discharge to 
the muscles concerned. 

(3) Decerebrate rigidity is a release phenomenon; the mid-collicular 
transection removes the cerebral hemispheres leaving only part of the brain 
stem and the spinal cord in control of the musculature. It cuts off the 
descending tracts from the cerebral cortex (both pyramidal and extra- 
pyramidal tracts), from the diencephalon (globus palHdus, thalamus, hypo- 
thalamus) and from the red nucleus and reticular nuclei ; as is explained on 
p. 593 some of these tracts normally increase^ others decrease muscle tone by 
their influence on the lower motor neurones. The ‘‘ rump ’’ of lower nervous 
system which is released by decerebration from the modifying influence of 
the higher levels produces reflexly the abnormal pattern of tone which 
constitutes decerebrate rigidity. 

(4) If the trans-section is carried out further back, the rigidity persists 
until the upper medulla is reached ; when the vestibular nuclei are destroyed^ 
the rigidity disappears and is replaced by tonelessness (flaccidity). 

(5) The complete reflex arc, e.g. for hind limb tone, is as follows (Fig. 

368) : A fferen t fibres from the hind limb muscles enter the lumbo-sacral 
dorsal nerve roots anff pass directly to. the m^^ collaterals 

also pass to short internuncials in the ventral horn. Ascendiig dorsal root 
fibres give cgllatefals to internuncial cells in higher segments of the cord which 
give rise to descending long propriospinal paths (that descend to the lumbo- 
sacral region). Still longer ascending fibres reach the medulla and pons 
and connect with the vestibular nuclei and the nuclei of the reticular forma- 
tion ; tom these cells, descending tracts arise , Le. vestibulospinal tom th e 
vestibular, ■ uuclei. from the re'Scular ^ey matter. Ynelong 

p^priospihal and the tracts from the brain stem d^cend to enff rqimd ven:5 ^ 
h or fi cells and the adjacent internuncials.. A fter a midthoracic_s^al tran sec- 
tion, t he stretch reflex set up in the hind limb nmiscles operates solely th rough 
spinal centres and produces a weak contraction , mainly of flexor muscles ; 
m the~ffecerebrate preparation the basic sninal r ftfleT ^p^pforced and modififtd 
by impulses that pass through tn e_upper cord and brain stem and desce nd 
in the long propnoipinairvestibulospm^ r e^cjjdospmirpatli^^ 
oomnlex reflex arc, r eleased from th e influe nce of the Egfier IffeE, sets up 
decepbr.ai^n5i3ity . 

J^) The^di^rebrate posture in man is shown in Fig. 372 ; a similar 
posture is seen in primates. 

Motoe Neueom Discharge in Decebebeate RiGiniTy. — As explained 
on p. 502 each motor nerve impulse produces a single muscle action potential. 
The rate of discharge of an individual motor neurone can, therefore, be 
deter min ed simply by inserting a fine needle electrode into the related motor 
unit (i.e. the clump of muscle fibres supplied by the motor neurone) and record- 
ing the muscle action potentials. The motor neurone discharge rate in 
decerebrate rigidity is found to be low, i.e, 5-20 per sec. Now mammalian 
muscle stimulated at this rate passes into a state of partial tetanus (Fig. 
300) ; therefore if all the motor neurones were discharging synchronously 
at this rate, the muscles would be in a state of tremulous contraction and not 
maintaining a uniform tension as is actually the case. It is concluded therefore 
19* 
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that in decerebrate rigidity the motor neurones are dischargin g 
chronously ; at any instant tEe motor units are ^ntoacting out oj 'phase 
&d the ngebraio sum of^heF^^^ steady p^^(Fig. 301). THe degreS 

of tone In any muscie*®^eh of motor neurones in action 

and (ii) their discharge frequency. When fewer motor neurones discharge 
and at a lower frequency the resulting muscle tension decreases (hypotonus) ; 
when more motor neurones discharge and at a higher frequency, increased 
muscle tone (hypertonus, spasticity, rigidity) results. Still greater motor 
neurone discharge, further enhancing muscle tension, produces a movement. 

When skeletal muscle is maintaining tone, it does not fatigue and has 
a relatively low metabolism. The explanation is as follows : The tension 
exerted by tonic muscle is far smaller than that developed in the same muscle 
when it is stimulated at a high rate {e,g, 100 times per second) through its 
motor nerve to produce a simultaneous and complete tetanus of all the muscle 
fibres. Thus the quadriceps of the cat develops 6 kg. of tension when 
maintaining tone and 30 kg. when stimulated tetanically. As the work of 
tonic muscle is relatively small, its oxygen consumption (metabolism) is 
similarly low. Its unfatigabUity is due to the fact that it is possible to 
increase the blood flow to the tonic muscle so as to supply it with its full 
nutritional requirements. In the case of fully tetanized muscle, fatigue 
rapidly develops as it is not possible for the circulation to cope with the great 
demands of the muscle. 

Lengthenino anb Shobtbning Reactions. — (i) If an attempt is made 
to bend the knee of a decerebrate animal, considerable resistance is en- 
countered. The attempt increases the stretch of the muscle and so elicits 
a further reflex contraction. But if one persists, the excessive stretch stimu- 
lates other, unidentified, receptors which reflexly inhibit the motor neurones ; 
their discharge then ceases, the muscle fibres relax, and the limb can be placed 
in any desired position of flexion. This is the lengthening reaction, so called 
because the muscle fibres have been reflexly lengthened.^ 

(ii) If, starting from the new flexed position, the knee is extended again, 
it tends to stay in the new position ; this is the shortening reaction. The 
mechanism involved is probably as follows : When the knee is passively 
extended and the limb support is withdrawn, the leg tends to droop by 
reason of its own weight ; as a result a stretch reflex is set up and the additional 
tension of the muscle enables it to maintain the new posture. 

The shortening reaction is grafted on to many reflexes. Thus, if the crossed 
extensor reflex (p. 537) is produced in a de-afferented quadriceps recording 
isotonically, on cessation of the stimulus, the tension is maintained for a brief 
period (after-discharge), and then rapid relaxation occurs (Fig. 369, d). If 
the afferents from the muscle are intact, when the stimulus ceases there is an 
initial slight decline from the maximum level ; the tendency for the limb to 
faU sets up reflexly a shortening reaction which results in the limb being 
maintained in its new position for a prolonged period (Fig. 369, a). 

Types op Muscle Fibre Employed.— In vertebrates no skeletal muscles 
are used exclusively in postures : the same muscle is used at different times 
for movement or for posture. In any complex movement some groups 

^ Sherrin^on has demonstrated the presence of inhibitory afferents in the nerves 
to the qnadn^ps ; if one of the four branches which supply the muscle is out and the 
central end stimulated, the rest of the muscle is inhibited. 
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of muscles are executing tlie movement, wldle others are cliiefly maintain- 
ing a posture. Thus, in the scratch reflex of the dog, three of the limbs and 
the head and neck are kept in a characteristic posture, while the fourth limb 
carries out the scratching. 

There are two main Idnds of fibres in skeletal muscle : (i) red fibres, 
rich in sarcoplasm, with poorly marked transverse striations, and nuclei 
scattered through the substance of the fibre ; the colour is due to the presence 
of myohcBmoglohin (cf. p. 204) ; (ii) ^ale fibres, with well-marked cross 
striations, scanty sarcoplasm, and nuclei limited to the under-surface of 
the sarcolemma. In addition, numerous intermediate types of fibre are 
found. They all have a similar motor innervation. In man, most muscles 



Records firom above downwards are: time in seconds ; isotonic contraction of vastocmiens; signal line ^ow- 
ing by its descent period of stimulation of afferent nerve in opposite limb to elicit crossed extensor reflex, 
a, Shows response of muscle with its own afferent roots intact : Same muscle with afferents cut 2 hours 
previously. Note (in a) that following the after-discharge “ plateau ** there is a slight decline and 
then there is appended a prolonged shortening reaction ; this is absent in d proving that the shortening 
reaction depends on proprioceptive i mpulses &om the responding muscle itself. (Sherrington, 
Quart. J. exp. Physiol.^ 1909.) 

contain a mixture of both red and pale fibres, though the red predominate 
in some {e,g, soleus), and the pale in others {e,g, gastrocnemius). Probably 
the red fibres are better adapted for maintaining postures and the pale for 
executing rapid movements. The red fibres are more primitive in structure 
and function ; they contract slowly after a longer latency, the duration of 
the contraction being three times that of the more quickly acting and more 
highly differentiated pale fibres. Fibres of sinoilar speed of contraction 
generally form a group which is sharply delimited from other groups ; the 
deeper muscle “ heads ” are usually composed of the more slowly contracting 
red fibres. These latter have a lower threshold to stretch than the pale fibres. 
They probably come into action or alone when mild stretch is employed ; 
but with greater stretch the pale fibres come into operation too. On the other 
hand, the faster acting pale fibres would be used first during movements. 




588 


STRETCH REFLEXES 


But it must be emphasized that both kinds of fibre may be employed under 
suitable circumstances in either movement or posture. 

Stretch Reflexes.^ — These reflexes, which are of fundamental import- 
ance in the production of muscle tone, must now receive fuller attention. 
The method of study is as follows : In the decerebrate animal the quadriceps 
muscle is isolated from its attachment and fixed, by means of a steel hook 
in the patellar tendon, to a stiff spring, to which a light lever is attached ; its 
movement is recorded photographically on a moving plate. The record 
obtained is an isometric one, ix, when the muscle contracts it is only permitted 
to shorten to a minimal degree ; under these conditions the increase in tension 
(not the shortening) of the fibres is recorded. The hind limbs and pelvis are 
firmly fixed to a rigid table, which can be lowered to any degree and at any 
rate ; the muscle can thus be subjected to carefully controlled stretch. 



i^G- 370. — Stretch Reflexes. Response of Intact and Paralysed Muscle to Stretch. 

(Liddell and Sherrington, Proc. roy. Soc. B,, 1924.) 

Ordinates : Muscle tension in kg., and stretch of muscle in mm. 

Eesponse of Knee Extensor Muscle. — ^T<= Stretch of 6-5 mm. applied ; M= Innervated Muscle ; P=» Para- 
lysed muscle ; I «= Inhibitory afferent nerve stimulated, which abolishes the stretch reflex, and tension 
in M falls to level of P. Myograph multiplies tendon movement 62 times. 

Response of Denervated Muscle. — If a paralysed muscle (t.e. with the 
motor nerve cut) is stretched, a very small increase in tension results ; the 
response obtained resembles that given by stretched indiarubber (Fig. 370, 

Response of Innervated Muscle. — If the nerve supply of the muscle is 
intact, stretch gives rise to a considerable increase in tension (Fig. 370, M). 

(i) The response is reflex in character as it is abolished by section of the 
dorsal nerve roots which carry the afferents from the muscle. A stretch of 
several millimetres (i.e. less than 1 per cent, of the initial length of the muscle) 
may produce a reflex contraction of 2 kg. tension. The reaction though most 
marked in the decerebrate preparation, is also obtainable in the thalamic 
and the intact animal. 

(ii) When the stretch is applied, rapid development of tension occurs. 

^ Liddell and Sherrington; Proc, roy. Soc, B,, 1925, 96, 212 ; 97, 267. 
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While the stretch is maintained, a fairly steady tension is kept up, e.g, for 
30 minutes, without fatigue. Wien the stretch ceases, the muscle relaxes. 
Muscle thus reflexly responds to stretch by an active contraction, which 
antagonizes the stretching force, produces equilibrium, and so prevents 
further elongation of the muscle. 

(iii) The stretch reflex can still be obtained after cutting away the tendon 
and attaching the muscle directly to the myograph ; obviously, then, the 
reflex can be set up by muscle afferents ; it is probable however that normally, 
afferents from tendon are .also concerned. 

(iv) If the quadriceps is divided into four segments, only the part which 
has been stretched contracts ; the response is 
thus intensely local in character. 

(v) Typical stretch reflexes are a property 
of the antiaravity muflcles only : stretch of thft 
flexor muscles gives rise to a short-lived twitch- 
like response, but not to the characteristic 
maintained contraction. 

(vi) The stretch reflexes may be readily 
inhibited, e.g, by stimulating any afferent 
nerve in the same limb, or by pulling on the 
antagonistic flexor muscles, even while the 
stretching force is being applied. 

(vii) The stretch reflexes vary with th e 
initial state of tone in the muscle under 
observation i 



us, u the quadriceps is 
stretched while it is under reflex inhibition, 
it gives the response characteristic of paralysed 
muscle. If the quadriceps muscle is reflexly 
caused to contract (by eliciting the crossed 
extensor reflex), and is then subjected to 
stretch, it gives a larger response than a 
resting muscle (Fig. 371). The explanation is 
that a given degree of stretch elicits a greater 
discharge'pf impulses from the receptors in a 
contracted\than in. a relaxed muscle. 

(viii) In the spinal animal, the stretch 
reflex is considerably modified ; stretch of the 
qu adriceps only produces a transient and no t 
a ^stained c q^r^ii^^ response resembles 

tSe familiar knee-jerk, ’^ch is simply a fractionated or abbreviated stretch 

(ix) In the chronic spinal animal (for man cf. p. 693) sustained stretch re- 
flexes can also be elicited. This last observation proves that the stretch 
reflex depends essentially on a spinal reflex arc. But the fact that stretch 
reflexes are so much more readily and strikingly elicited in the decerebrate 
animal demonstrates that these reflexes (as explained on p. 585) are reinforced 
{facilitated) by impulses coming down in the long propriospinal, vestibulo- 
spinal and reticulospinal paths. 

Positive Suppobting Reaction. — D ecerebrate rigidity basically depends 
on a /^armomo^s/y ^ stretch rgfleoces. These highly locali^ 


Pig. 371. — Stretch Reflex of Con- 
tracting Muscle. (Liddell 
and Sherrington, Proc, roy. 
Soc. P., 1924.) 

Ordinates : Muscle tension in kg. (left- 
hand scale) ; muscle stretch in mm. 
(right-hand scale). 

Kecords from above dovmwards. T= 
stretch of muscle; C= signal; 
M= muscle tension. 

At C begin stimulation of afferent 
nerve on opposite side evoking reflex 
contraction (crossed extensor reflex). 
At U 2-5 mm. stretch (right-hand 
scale) applied (shown on line T) 
evoking marked stretch reflex from 
the contracting muscle. 

Time in 0*1 second. Tendon move- 
ment multiplied 62 times. 
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reflexes produce contraction o f the an tigr avity muscles and reciprocal in- 
gSitiopTof tKe anfa.gonistioin ur^^^^ The rSu ltm^^^^ 

mo dified by the positi ve s upporting r eaction ; this is a remarkable irradiSrng"^ 
feffex 'which producer’5?mttE of a 

hmb cpSvBxting itTntb a solid Yigi3”*gfflar^"w® aSagtefl to maintaining the 
body weight. The positive supporting reaction , for hoine^ un^ 
is most easily ^ited after complete r^oyal of the_cer^ the pro- 

cedufe iralTdnows r press against the pads of the fingers or toes and dorsiflex 
the hand or the foot ; the afferent impulses arise from the stimulated skin 
and from the muscles (mainly the interossei) which are stretched. All the 
muscles of ike limb rejlexly contract^ i.e, both the protagonists and the antag- 
onists. In this instance there is reciprocal contraction of the antagonists 
(cf. p. 649). 

The positive supporting reaction is readily abolished as follows : passively 
flex the digits and hand in the forelimb, or plantar flex the toes in the hind 
limb. As a result, all the muscles in the limb are reflexly inhibited and the 
part becomes loosened and free to be employed in the execution of movements. 

The decere bratej‘1, stance, '1, is thus naa^^ as follows : \Vheit..tJtie 
decerebrntelaiSnai is put on its legs, the knees tend to bend under the weight 
oOEe body ; the consequent stretch of the quadriceps reflexly sets up its 
contraction, which is maintained so long as gravity is acting ; and similarly 
for the posterior neck muscles and the other antigravity muscles. Positive 
supporting reactions are set up from the feet in the way already described. 

Segmental Static Reactions. — The decerebrate an imal also possesses 
reflex mechanisms for jbdj ustmg^ the ^position of. 

alteFafiohs m^Fsta^^^ The crossed extensor re flex (p. 537) isj.^c^e 

i n poinf ; impuliea fr reflexly p roduce extension of the op posite 

liniD. Inother exa^le^is nex*(say) the right, hmb . and 

aHow th^Kdy Jpxoer^o iho^ri^bi^^^o^g]^^ of the 

left EmbT^e, right , is .refle^y c a used to e xtencT.^ 

“^‘Altituiinai Reflex^ in^ffieDecerebr5H""Freparation.® — The above 
discussion shows that the postural activities of the decerebrate preparation 
represent a great advance on those found in the spinal preparation. The 
posture is now a co-ordinated one of the whole body instead of being limi ted 
to the hind limbs (or to all four limbs in a high spinal transection), and 
the degree of tone is adequate to maintain the upright position. We shall 
now see that in the decerebrate animal the posture of the trunk and Embs 
can be adjusted : (i) in accordance with alterations in the position of the 
head in space, and (u) by changing the position of the head relative to the trunk. 
In the first case the afferent impulses arise solely from the otolith organ 
of the vestibule (tonic labyrinthine reflexes ^) ; in the second case additional 
afferent impulses come from the neck muscles (tonic neck reflexes ^). The 
new position reflexly imposed on the body persists for as long as the new 
position of the head is maintained. 

^The exxAensor tJirvst reflex (p. 694) may represent a “ fragment of this more genera 
reaction. 

* Stretch of the quadriceps also causes contraction of the opposite quadriceps (PhiUip- 
son’s reflex) : e.g. forced flexion of one leg at the knee causes extension of the opposite 
leg and foot (cf. p. 694). 

® Magnus, KdrpersteUuTLg, Berlin, 1924. 

* i.e. reflexes from labyrinth or neck respectively which modify tone or posture- 
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(1) Tonic Neck RsFLEips. — To study these separately, bilateral extirpa- 
tion of the labyrinths is carried Out. The neck reflexes are set up by alterations 
of the ^position of the head relative to the body, 

(i) Ventroflex the head : the fore limbs flex and the hind limbs become 
more extended. 

(ii) Dorsiflex the head : the fore limbs extend and the hind limbs flex. 
The purpose of these responses seems obvious : the position of the body is 
being adapted, e,g, ‘‘ for looking under a shelf, or looking up to a shelf.” 

(iii) Press ventralwards on the lower part of the cervical vertebral column : 
all four limbs flex {vertdfra prominens reflex), as “ in an animal crawling into 
a hole.” 



(iv) Rotate or incline the head in various directions : to simplify descrip- 
tion, the limbs on the side to which the jaw is turned are called ‘‘ jaw limbs ” ; 
the limbs to which the vertex is turned are called ‘‘ skull (or vertex) limbs.” 
In general it may be said that the 
jaw limbs extend (to support the 
weight of the head) and the skull 
limbs flex. 

The centre for reflexes (i), (ii), 

(iii) is in the upper cervical region 
of the spinal cord ; the afferent 
impulses pass in the dorsal roots 
of C 1-3 and come chiefly from the 
muscles of the back of the neck. 

The descending paths are the long 
propriospinal tracts (Fig. 373). 

The centre for (iii) is in the lower 
cervical region. 

(2) Tonic Labyrinthine Re- 
flexes. — These are studied after 
section of the dorsal nerve roots 
of C 1, 2, 3 or after immobilizing 
the head, neck, and upper thorax 
by means of a plaster jacket (to 
prevent neck reflexes from coming into play). The labyrinthine reflexes 
are due to alterations in the position of the head relative to the horizontal plane, 

(i) If the animal is placed in the supine position, maximum tone is present 
in the antigravity muscles, (ii) In the prone position, with the snout 45° 
below the horizontal plane, tone in the extensor muscles is reduced to a 
miniTTniTTi ; in intervening positions intermediate grades of tone are present. 
The purpose of these reactions is not very clear ; they disappear after section 
of the vestibular nerves. The receptors are in the otolith organ as shown by 
the following experiment. If an anaesthetized guinea-pig is centrifuged at 
high speed, the otolithic membranes are detached (as proved by microscopic 
examination), but the ampullae of the semicircular canals are unharmed : the 
labyrinthine reactions are, however, abolished. Alterations in the position 
of the otoKths (cf. p. 598) thus reflexly modify tone in the muscles of the 
limbs. The centres for the labyrinthme reactions are the vestibular and 
reticular nuclei ; the descending tracts employed are the vestibulospinal and 
reticulospinal (cf. Figs. 368, 373). 


Fig. 372. — ^Postiire of Limbs in Decorticate 
Man, and the Effect upon them of Rotation 
of the Head. (After Walshe.) 
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After unilateral labyrinthine extirpation (p. 601), the unopposed activity 
of the intact otolith organ results in flexion and rotation of the head to the 
side of the lesion ; this in turn evokes secondary modifications in the position 
of the Hmbs through the operation of the neck reflex. As a result the jaw 
limbs extend and the skull limbs show diminished extensor tone.^ 

The attitudinal reflexes can be easily demonstrated in normal animals and 
man where they are carried out more smoothly because the^ flexor muscles 
also participate in the reactions. A oat sees a piece of meat in the air ; the 
head extends, the fore limbs extend, the hind limbs are unaffected or flex, 
but can be suddenly extended when the animal wants to spring. 

Posture in the Decorticate Preparation. — The whole cerebral cortex 
is removed but the basal ganglia and the brain stem are left intact. The 
posture adopted by such a decorticate preparation varies with the species 
and the conditions under which the animal is examined. 

In the dog or cat the posture when the animal is on its feet is a normal 
one (unlike the exaggerated standing posture of decerebrate rigidity) ; muscle 
tone is, therefore, normally distributed and is present in appropriate measure 
in the flexors as well as in the antigravity muscles ; walking movements can 
be reflexly performed. If the preparation is suspended in the air, strong 
hyperextension of the limbs develops. In the decorticate monkey, however, 
tone is gravely disturbed ; there is full extension of the hind limbs and a 
semi-flexed posture of the fore Umbs ; walking movements do not occur. 
The findings in decorticate man are very similar and are illustrated in Fig. 
372. The legs are fully extended ; the arms lie across the chest, semiflexed 
at the elbows, the forearms slightly pronated, and the wrists and fingers 
flexed. 

In decorticate man typical neck reflexes can be elicited. When the head 
is rotated to the right, the right arm extends at the elbow and becomes 
abducted ; the left arm becomes fully flexed with the hand touching the neck ; 
the right leg is extended and the left leg is flexed (Fig. 372). The usual rule 
is followed here : the skull limbs flex and the jaw limbs extend. The human 
decorticate posture is of great interest because an almost identical posture 
of the arms and legs is found in hemiplegia (p. 642) ; it is probably largely due 
to removal of the influence of the inhibitory pathway arising in the cortical 
suppressor band 4s (cf. p. 623). 

Righting Reflexes in the Decorticate Preparation. — By means of 
the righting reflexes the decorticate cat or rabbit can bring its head right 
way up and get the body into the erect position under all circumstances. 
If the animal is laid on its side or on its back, the head at once rights itself, 
the body follows suit, and finally the animal resumes the upright posture. 
The decerebrate animal, though it can remain insecurely in the upright position 
if put there, can never actively assume that position. The righting reflex 
consists of a chain of reactions following one another in an orderly sequence 
as each reaction produces its successor. 

^ Wben tonic labyrinthine and neck reflexes are simultaneously evoked, they produce 
the algebraic sum of the separate responses. Thus, if the head is dorsiflexed in a decere- 
brate anmal (with intact labyrinths), labyidnthine impulses produce increased tone in 
all four limbs, while the proprioceptors from the neck tend to extend the fore limbs and 
flex the hind Hmbs. The actual result observed is extension of the fore Hmbs (as both 
reflexes tend to increase extensor tone) and Httle change in the hind Hmbs (because the 
two reflexes are exerting antagonistic influences). 
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(1) Labyeinthine Rigoting Reflex.— With the animars head in the 
lateral position impulses arise in the saccules which lead reflexly to righting 
of the head. 

(2) Body Righting Reflex. — With the animal on its side, the side of the 
trunk in contact with the bench is undergoing constant stimulation, while the 
other side in contact with air is not. This asymmetric stimulation of the 
deep structures in the body wall also reflexly rights the head. The head can 
thus be righted even after double labyrinthectomy. 

If a lahyrinthless animal is laid on its side and a weighted board is placed 
on the upper side of the animal so that equal streams of impulses pass up from 
both sides of the trunk, the head falls back into the lateral position. 

(3) Neck Righting Reflex. — The reflexes just described act primarily on 
the neck muscles and right the head. The trunk, however, remains as before 
in the lateral position, so that the neck is twisted. This evokes a further 
reaction — the neck righting reflex — which brings the thorax and lumbar 
region successively into the upright position. If righting of the head is pre- 
vented, impulses from the body smface may cause righting of the body 
directly. 

(4) Limbs. — The appropriate posture of the limbs is largely attained by 
impulses arising in the limb muscles themselves. The righting reflex can be 
well demonstrated in the intact cat if it is blindfolded and dropped with the 
legs pointing upwards. The cat turns itself round with great speed and 
alights gently on all fours. 

The chief centre for this group of righting reactions is in the neighbourhood 
of the red nucleus (Fig. 373). 

(5) Optical Righting Reflexes. — ^In animals with the calcarine cortex 
intact, righting of the head is also brought about reflexly by means of optical 
impulses. In the intact cat, dog, or monkey, after denervation of the laby- 
rinths and the neck muscles, righting cannot take place if the animal is 
blindfolded, but is successfully carried out if the eyes are open. The centre 
for the optical righting reflex is in the visual (calcarine) cortex, whence 
impulses pass ultimately to the neck muscles to right the head. In man the 
optic righting reflexes are far more important than the labyrinthine. 

General Regulation of Posture. — ^Posture is determined by the degree 
and distribution of muscle tone, i.e, of muscular contraction ; it depends, 
therefore, on the pattern of discharge of the motor neurones which supply 
the muscles. Motor neurone activity maintaining tone is reflexly regulated, 
the basic spinal reflex (stretch reflex) being reinforced and modified by the 
positive supporting reaction and other reflexes considered on pp. 589-593. 
When longer reflex arcs are available through the brain stem and basal 
ganglia, the more complex and efficient postures of the decerebrate and 
decorticate preparation appear. Afferents which modify the discharge 
of the centres which give rise to the long propriospinal, vestibulospinal or 
reticulospinal tracts, reflexly modify posture ; hence the adjustments of 
postui e produced by neck reflexes, labyrinthine reflexes and righting reflexes. 
That the cerebral cortex, through its projection fibres, modifies posture is 
clear from the occurrence of optical righting reflexes. Two groups of fibres 
arise in cells in the brain stem and descend to end at the spinal motor neurones : 
some are facilitatory (e.g. reticulospinal fibres, vestibulospinal tract) and 
increase muscle tone, the others (e.g. other reticulospinal fibres) are inhibitory 



594 


REGULATION OP POSTURE 


and decrease muscle tone. The nuclei of origin of these fibres in the brain stem 
are acted on by cerebellar efferents which thus modify tone. The inhibitory 
pathway is controlled by the suppressor bands in the cerebral cortex ; removal 
of the suppressor area 4s or decortication results in spasticity and abnormal 
postures (p. 624). The facilitatory pathway is controlled by cortical area 6 


CEREBRUM 



Fig. 373. — Regulation of Posture. 

Thai., Thalamus. Pyr.T,, Pyramidal tract. B-.X., Bed nucleus. Bet.N., 

Nuclei of reticular formation of brain stem. D.N., Deiters* nucleus. 

V.H.C., Ventral horn cell. (For more details see Figs. 367, 368, 383, 384 
400, 408, 424, 425.) 

whence fibres pass to relay in the globus pallidus, thalamus and hypothalamus 
to end in the reticular nuclei (p. 629). 

Regulation of normal posture in the intact animal depends on the integrated 
activity of all tke reflex mechmisms to which reference has just been made 
(Fig. 373). Bach ventral horn cell is a convergence point ; on it converge 
fibres from many dorsal nerve roots and descending fibres from all levels of 
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the brain and spinal cord. Some of these fibres are excitatory, others are 
inhibitory to the motor neurones. When the activities of all these converging 
paths are properly co-ordinated, normal posture results ; if any contributing 
path is destroyed or functions abnormally, posture is deranged, often in a 
manner so characteristic as to be of great diagnostic value to the clinician. 
Finally it must be emphasized that posture is the basis of movement ; all 
movements start and end in a posture, they grow out of a posture ^ and return 
to it. 

Mechanism of Standing in Man.— The comfortable stance of a normal 
man is quite unlike the imperfect caricature of standing displayed by a decere- 
brate cat ; it is hardly surprising to find that the detailed mechanisms 
employed differ though fundamental similarities persist. The activity of the 
muscles in man can be conveniently studied by : (i) inspection ; (ii) palpation ; 
(iii) the use of surface electrodes placed on suitable parts of the skin overlying 
the muscles which are being examined (Fig. 420) ; (iv) concentric needle 
electrodes inserted into the muscles (p. 648). Using these methods it can be 
shown that when a man is comfortably balanced in the upright position there 
is remarkably little activity taking place in the muscles of the trunk and 
thighs (Fig. 421). The explanation of this surprising finding is that the 
disposition of the skeleton, the ligameints and the soft parts is such that a 
momentary insecure balance can be maintained passively. This passive erect 
posture in the absence of all muscular activity is, as stated, momentary and 
insecure, and the person would immediately fall if muscular activity did not 
develop. (A person whose muscles are paralysed cannot stand.) But as 
soon as the man begins to fall, refiex compensatory muscular reactions set in 
which restore the state of balance : the muscular contraction then ceases till 
the next deviation from the erect position occurs. A standing man can fall 
in any direction : forwards, baclrvards or sideways. The muscles which 
oppose the fall are acting as antigravity muscles ; depending on the direction 
of the fall, any of the muscles of the trunk or legs act as antigravity muscles. 
Thus when the body sways forwards the extensors of the trunk and the fiexors 
of the leg contract sufiB.ciently to restore the balance ; when the sway is 
backwards the recti abdominis and the leg extensors contract ; when the 
sway is sideways the contralateral external oblique muscle responds (Fig. 
423). These responses are reflexly produced, partly as a result of impulses 
from stretch receptors in the trunk and legs and partly from the receptors in 
the head, mainly the eyes. It is a common experience that with the eyes 
closed the upright stance is less steady and that more swaying of the trunk 
occurs. This observation shows that visual afferents are concerned in the 
reflex maintenance of the uj^right stance in man. 

These questions are considered further on p. 650. 


THE VESTIBULAR APPARATUS ^ 

The vestibular apparatus (labyrinth) is a complex sense organ which is 
stimulated by (a) gravity and (5) rotation movements. It plays an important 

^ Or as the Chinese would say, “ a perfect Yin-state passes over into new Yang- 
activity.’* (Toynbee, A Study of History). « « , 

® Magnus, KofpersMung, Berlin, 1924 ; Croonian Lecture, Proc, roy. Soc. B., 1925, 
98, 339. 
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r6le in postural activity ; it gives rise to afferent impulses whicli reflexly 
adapt the position of the trunk and limbs to that of the head and enable the erect 
position of the head and the normal attitude of the body to be maintained. 
Impulses from the vestibule also reach the cerebral cortex and subserve the 
recognition of the position and movements of the head. 

Anatomy. The vestibular apparatus consists of the three semicircular 

canals and the otolith organ (the saccule and utricle) (Fig* 

(i) The canals are the lateral (horizontal), superior, and posterior, each 
being in a different plane at right angles to the others. The left superior 
canal is in the same plane as the right posterior canal, and vice versa. The 
membranous canals contain the endolymph and are enclosed in bony canals. 



Fig. 374. — ^Anatomy of Vestibular Apparatus. (Modified from Hardy, 
AnaL Bee., 1934, 69.) 

N.Vestib.«= vestibular nerve. 

N.Coch.= cochlear nerve. 

Gang. Scarp. = Scarpa’s (vestibular) ganglion. 

Gang. Coch.— cochlear ganglion. 

Utric.*= utricle. 

Sacc.= saccule. 

Sup., Post., Lat.= superior, posterior, and lateral semicircular canals. 

Sac. end.=sacculus endolymphaticus. 


from which they are separated by the perilymph ; each canal commences 
as a dilation or ampulla, containing a projecting ridge, the crista. The canals 
open into the utricle by means of five apertures, one being common to the 
superior and posterior canals. 

(ii) The utricle communicates with the saccule by means of the ductus 
endolymphaticus. Both the saccule and utricle contain a projecting ridge, 
the macula. The canalis reuniens unites the saccule and the duct of the 
cochlea. 

Steuctube of Ceista and Macula. — The crista and macula are the 
specific receptors of the vestibular apparatus and have a similar structure. 
Covering the ridge is a tall columnar epithelium (hair cells) giving attachment 
to long stiff hairs which project into a firm gelatinous material, the cupula 
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terminalis (Fig. 375). Between tlie hair cells lie the fibres of origin of the 
vestibular division of the eighth nerve. 

(i) In the canals the cupula rises to the roof of the ampulla, acting 
as a movable partition which divides the ampulla into two compartments 
(Fig.377). 

(ii) In the saccule and utricle the cupula contains many chalky particles, 
the otoliths, hence the name the otolith organ. When the head in man is in 
the normal erect position, the macula of each utricle is approximately in the 
horizontal plane, with the cupula, hairs, and otoliths rising vertically from 
the macular epithelium ; the macula in 

each saccule then lies in the vertical 
plane, with the hairs and otohths 
projecting horizontally outwards into 
the cupula. . 

Central Vestibular Connections. — /llllllMr" cupula 

The nerve endings in the maculae and 
cristae continue as nerve fibres which 
have their cell bodies in the bipolar 
cells of the vestibular ganglion', the I/I 

central axons of the vestibular nerve 11^11^ iS' Li® 

enter the medulla ventral to the restiform W ' t' . | 

body (inferior peduncle) and dorsal to Mi ' 

the descending root of the Vth nerve. CELLS 

The axons divide iuto ascending and 

descending branches which end in four 

nuclear masses : (i) The large medial 

(principal) nucleus in the pons and 

medulla ; (ii) the descending nucleus ^ 

associatedwith the descending vestibular W 

fibres ; (iii) the superior nucleus (of 

Bechterew)attheleveloftheVIthnucleus; yf kicox/c cianec 

(iv) the lateral nucleus (of Deiters) in the bres 

lower pons. For all practical purposes Fig. 376. — Structure of Crista of Ampt^a 
these four nuclei can be treated as a of Semicircular CanaL (After Camis.) 




hair 

CELLS 


NERVE FIBRES 


single functioning entity. Some vestibular 

fibres pass directly to the JlocculonodulcMr lobe of the cerebellum (Fig. 382). 

Fibres from the vestibular nuclei pass 

(i) to the palseocerebeUum of both sides via the restiform body (Fig. 383a). 

(ii) directly and via the cerebellum to the red nucleus and the nuclei of 
the reticular formation in the brain stem (Fig. 373). 

(iii) in the median longitudinal bundle to the oculomotor nuclei of both 
sides ; 

(iv) via the medial lemniscus to the opposite thalamus and thence to the 
opposite temporal lobe ; 

(v) down in the vestibulospiual tracts to the ventral columns of the spinal 
cord to end directly (and also via short interneurones) round ventral horn 
ceUs (Figs. 367, 368, 373). 

Mode of Action of Otolith Organ (Saccule and Utricle). — The 
maculse of the saccule and utricle are stretch receptors, the effective stimulus 
being the pull of gravity on the cupula and contaiued otoliths and hairlets ; 
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the hair cells are thus deformed with resulting stimulation of the nerve 
filaments which lie between them. As might be expected the saccules are 
affected by a lateral tilt of the head : thus if the head is tilted laterally to 
the right (to rest on the shoulder) the cupula of the right saccule hangs 
downwards and pulls on its macula which is maximally stimulated ; the 
cupula of the left saccule points upwards and “ rests ” on the macula, this 
being the position of minimal stimulation of the nerve endings. Ventral 
or dorsal flexion of the head (fore and aft tilt) affects the utricular maculae ; 
with the head erect the cupulae in the utricles point upwards providing a 
minimal stimulus ; when the head is bent well forward, or back, the cupulse 
are pendent, pulling on the maculae and so stimulating them maximally. 



Fig. 376. — ^Response of Gravity Receptors (Oto- 
lith Organ). Relation between tilt of head and 
frequency of impulses in vestibular nerve. 

(After Adrian, J, Fhysiol, 1943, 101, 393.) 

Decerebrate cat. The degree of lateral tilt of the head is 
shown in the upper diagrams. The implies were 
recorded from the right nerve while the head was being 
tilted to the right (i.e. right cheek down). As the tilt 
was increased the impulse frequency rose correspondingly. 

When the head was tilted to the left, the discharge in the 
right nerve ceased. 

Action potentials can be recorded in the appropriate branches of the 
vestibular nerve or in its nucleus in the medulla. A tilt of as little as 2-5® 
stimulates the appropriate maculss ; as the tilt increases the frequency of 
the discharge progressively rises (Fig. 376). The general law of the receptors 
thus applies here, that the frequency of the impulse stream is directly related 
to the strength of stimulation. If the head is kept in any particular position, 
the impulse discharge pattern persists for as long as the position is main- 
tained, except for some slight reduction in the discharge rate ; the receptors 
thus show little adaptation (hke the stretch receptors in muscle and tendon, 
p. 551). 

Mode of Action of the Semicircular Canals . — An old experiment of 
Ewald illustrates how the semicircular canals are stimulated. Bore two holes 
in one bony canal (in a pigeon). Stop the one farthest away from the ampulla 
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with amalgam so as to block the membranous canal completely. Through 
the second hole introduce a rubber tube into the perilymph ; when air is 
gently blown down this tube the membranous canal is compressed and the 
endolymph moves in the only direction it can do freely, namely, towards 
the ampulla. As a result nerve impulses are set up as judged by a resulting 
reflex movement of the head and eyes in the plane of the canal and in the 
direction of the endolymph current. 

Direct observations have been made on the exposed semicircular canals 
in fish ; a drop of oil is introduced into the canal, the fish is rotated, and the 
behaviour of the cupula is watched. As the rotation begins the endolymph 
in the canal moves, as shown by the shift in the position of the drop of oil ; 
the cupula, which rises up as a septum completely dividing the ampulla in 
two, becomes bent over in the durection of the endolymph movement to 
an angle of up to 30® (Fig. 377). 

The effective stimulus to each ampulla is rotation of the head in the plane 
of its canal. Consider the case of rotation of the head in the horizontal plane, 
in the direction of the arrows as 


shown in Fig. 378; the left ampulla ^ y 

is “leading” its canal while the n. ( 

right ampidla is “ trailing ” behind lA \ 

its canal. As the endolymph \"f utricle 

possesses inertia it does not move s/j. mK 

as fast, initially, as the canal in * ‘ i i 

which it is contained; thus in a /'■ — ^ 

short-lived rotational movement of ampulla II II 

the head {e.g, one or two turns) nerve ^ 

the endol^ph lags b^d; tHs is 377._Mode of stimulation of Semi- 

eqmvalent to a flow m the reverse circular Canals, 

direction from that of the head 

- T . , S.C.O., semicircular canal, 

movement. In tne experiment The cupula, situated on the top of the crista, 
illustrated bv Fig. 378 the initial completely blocks the ampulla of the 

j ® . . , -1 membranous canal. The cupula is caused 

enclOlympiL movement is tnus to swing by movements of the endolymph. 

towards the right ampulla and away 

from the left ampulla ; both cupulas presumably swing to the left. Action 
potentials led off from the appropriate nerves show that the frequency of 
the impulses from the right ampidla is increased while that from the left 
ampulla is decreased ; i.e. in the case of the lateral (horizontal) canals, the 
“ trailing ” ampulla is stimulated while the “ leading ” ampulla is depressed. 

The stimulus to the cristas is obviously due to the swing of the cupula 
set up by the endolymph ; it seems that a swing in a certain direction in 
any canal increases the stimulus to the nerve endings, while a swing in the 
opposite direction in that canal decreases the stimulus to the nerve endings. 
The combination of increased impulse discharge from one ampulla and 
decreased impulse discharge from the other, may form the basis of the 
interpretation of the direction of the movement. The degree of alteration 
of the firequency of the impulse discharge is directly related to the rate of 
acceleration of the rotational movement. 


As the rotation is continued the endolymph takes up the same rate of 
movement as its canal ; the cupula, by reason of its^ own elasticity, then 
returns (in about 30 seconds) to its original resting position, and the resting 
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nervous discliarge is resumed {i.e. the discharge in the active ampulla 
decreases and that in the ‘‘ depressed ” ampulla increases). On cessation 
(or deceleration) of the movement, changes which are the reverse of the initial 
ones, occur. The endolymph, by reason of its momentum continues to move 
after the canal has come to rest ; thus in Fig. 378 on cessation of head move- 
ment, the endolymph will continue to flow in the direction shown by the 
arrows, i.e, to the right ; the cupulse will swing to the right. As this is the 

opposite direction to that at the 
beginning of the movement the 
subjective impression will be of a 
movement in the reverse direction 
to the previous rotation. Finally 
the cupulse by reason of their 
elasticity, regain their resting 
position, and the sense of movement 
ceases. 

The vertical posterior canal acts 
similarly except that for some un- 
known reason the ampulla which is 
leading is stimulated (Fig. 379, B) ; 
the details for the vertical superior 
canal are uncertain (Fig. 379, C). 
The left superior and the right posterior canals act as a functional pair, as do 
the right superior and the left inferior canals. With the head at rest there 
is a steady spontaneous^* discharge of impulses from all the six ampullse. 
Characteristic modifications of this discharge pattern are set up by rotatory 
movements in any direction. 

It must be repeated that the semicircular canals give information about 
movements, the otoUth organ about the position of the head. 



to 


illustrate Mode of 
(Horizontal) Semi- 


Fig. 378. — Diagram 
Action of Lateral 
circular Canals. 

The arrow shows the direction of movement of the 
head. The right ampulla is stimulated ; the 
nervous discharge from the left ampulla is 
decreased. 




Fig, 379. — Direction of Rotation which Stimulates the Three Semicircular Canals (Cat). 
(Adrian, J. Physiol,, 1943, 101, 397.) 

A : horizontal canal ; stimulating direction is with ampulla trailing. 

B : posterior canal (rotation in transverse plane) ; stimulating direction with ampulla leading. 

G : superior (anterior) canal (rotation in median plane) ; resulm uncertain. 


Extirpation Experiments. — (1) Bilateral extirpation in birds produces 
grave disturbances ; the animals subsequently cannot stand or fly or maintain 
any fixed position. In the cat or monkey the initial symptoms soon disappear 
and the animal behaves fairly normally if allowed the icse of its eyes ; it fails, 
however, to orientate itself under water and would soon drown ; it cannot 
, right itself when falling blindfold through the air (cf. p. 593). Muscle tone is 
not permanently decreased. 
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Int. Rectus 


I 


I t 1 I I 1 


Ext. Rectus 
I 


(2) Unilateral extirpation gives rise to complex derangements of postural 
activity. 

(i) Tlie immediate effects are skew deviation of the eyes (i.c. one eye 
rolls upwards and outwards and the other downwards and outwards), nystag- 
mus, rotation and lateral flexion of the head (so that the occiput is turned to 
the side of the lesion) ; these changes are due to the unopposed action of the 
intact labyrinth. The altered position of the head sets up neck reflexes which, 
secondarily, modify the posture of the trunk and limbs. The limbs on the 
side of the lesion (the side to which the vertex is pointing, or skull (vertex) 
limbs) flex, and the limbs on the opposite side (jaw limbs) extend (p. 591). 
There is spiral rotation of the trunk. 

(ii) The permanent effects are — 

(а) Nystagmus : there is a slow swaying movement towards the side of 
the lesion and a quick return towards the midline. 

(б) The reciprocal changes in tone and the head rotation persist. 

(c) The rotation of the trunk diminishes. 

(3) If one canal, e,g, the 
horizontal, is removed, 
spontaneous movements are 
set up in the plane of that 
canal, as no impulses are 
sent up to give information 
about the movement and 
thus check it. 

Relation of Vestibule 
TO Regulation of 
PosTUEE. — The experiment 
of Ewald, and the results 
of extirpation show that the 
vestibule normally plays an 
important part in the regula- 
tion of posture. Studies on 
the tonic labyrinthine reflexes 
(p. 591) and on the righting reflexes (p. 593), which have been fully considered, 
indicate how the otolith organ helps reflexiy to maintain the upright position 
of the head and to adjust the position of the body to that of the head in 
space or relative to the trunk. 

Baeany’s Test. — The semicircular canals in man can be readily stimu- 
lated. By throwing the head backwards 60® and looking to the opposite 
side at an angle of 50® from the middle line and up to the ceiling, the lateral 
(horizontal) canal is placed vertical. The right ear, for example, is then 
syringed with cold air, which causes (by convection currents) a downward 
movement of the endolymph ; this is equivalent to moving the head to the 
opposite side (to the left) (Pig* 380). The patient complains of pddiness, 
and if allowed to stand tends to fall to the right ; nausea and vomiting may 
occur. The following results can be noted : 

(a) Nystagmus. — The short jerk is to the opposite side (the left), and the 
slow movement is to the same side (the right). 

The slow deviation to the same side is due to impulses which reach the 
eye nuclei from the vestibule via the vestibular nuclei. The short jerk is 
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Innervation of 
Nystagmus set 


Eye Muscles 
up by Irri- 


of Rabbit during 
gation of Ear. 

Lower curve, external (lateral) rectus; upper curve, internal 
(medial) rectus. Decerebellate preparation. (After de 
Kleijn.) 
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probably a compensatory movement initiated by the cerebral cortex. The 
nystagmus illustrates well the law of reciprocal innervation (p. 545), De 
Kleijn removed the (right) eyeball in the rabbit and connected the internal 
and external rectus muscles to levers. Nystagmus was produced by 
syringing the (right) external meatus. The slow phase of the movement 
was to the right, and while the external rectus slowly contracted the 
internal rectus relaxed correspondingly slowly; in the quick phase the 
internal rectus contracted suddenly and the external rectus as rapidly 
relaxed (Fig. 380).i (Of. p. 609.) 

(^) Past Pointing . — On attempting to raise and lower the arms and touch 
a given point on a tape (when the eyes are shut), the limbs deviate out to the 
stimulated side. (Of. p. 609.) 

(y) Spontaneous deviation of the limbs occurs towards the stimulated 
side.* (Of. p. 609.) 

Abnormal vestibular stimulation also produces complex autonomic disturb- 
ances such as alterations in blood pressure, heart rate, respiration and bowel 
tone and movements ; these changes are well seen in the phenomena of 
sea-sickness. 

THE OEREBELLXJM » 


Anatomy of the Cerebellum. — ^It is customary to divide the cerebellum 
into : (i) two large, laterally placed cerebellar hemispheres, and (ii) a small 
central portion, the vermis, so called “ because it resembles a worm bent on 


DENTATE CENTRAL 

NUCLEUS LOBULE CULMEN 



UVULA 

Fig. 381. — ^Anatomy of Cerebellum. (Modified firom Ranson and Clark, Anatomy of the 
Nervous System, 1947, W. B. Saunders & Co.) 

Sagittal sections through human cerebellum. 

Left-hand figure : Section passes through lateral hemisphere and dentate nucleus. 

Eight-hand figure : Section passes through the vermis in the median plane. 


^ The clinical terminology of vestibular nystagmus is confusing, as attention is mainly 
paid to the “ quick or correcting component. Thus a so-called “ right horizontal 
nystagmus ” is one in which the quick movement is to the right, and the slow to the 
left. For completeness it may be mentioned that nystagmus may also be vertical or 
rotary. 

® It will be noted that the tendency to fall, the spontaneous deviation, the past point- 
ing, and the slow phase of the nystagmus are all towards the syringed side. 

® Holmes, Brain, 1917, 40, 461 ; Lancet, 1922, i, 1177 et seq. Symposium in Brain, 
1927, 50, 276. Assoc. Res. nerv. ment. Dis., Cerebellum, Baltimore, 1926. Dow, Biol. 
Rev., 1942, 17, 179. Adrian, Brain, 1943, 66, 289. Fulton, Functional Localization in 
the Frontal Lobes and Cerebellum, Oxford, 1949. 
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itself to form almost a complete circle.” The shape of the vermis is best seen 
in a sagittal section through its median plane as in Fig. 381 . This conventional 
anatomical terminology does not, however, correspond to the functional 
differentiation or the phylogenic history of the cerebellum. 

The older part (phylogenetically) of the cerebellum is called the jpaloeo- 
cerebellum ; the newer part is called the neocerebellum. 


LINGULA 



P.L.F.J 

FLOCCULONODULAR LOBE 
PARAFLOCCULUS 
AFFER ENT FIBRE CONNECTIONS 
r^n CORTICO-PONTO- CEREBELLAR 
SPINAL 

vestibular 

Fig. 382. — ^Diagram of Primate Cerebellar Cortex laid out flat and looked at from 
the Dorsal Surface to show Principal Subdivisions and Afferent Connections. 
(Modified from Dow and Pulton.) 

P.P.=primary fissure, separating avatmical anterior obe from posterior lobe. (Physiological 
anterior lobe includes lobulus simplex.) P.P.^prepyramidal fissure. P.L.P.=postero-l^ral 
fissure ■= posterior border of posterior lobe. Anatomical posterior lobe extends from P.P. to 
P.L.P. 


(i) The palseocerebellum consists of the flocculonodular lobe (nodulus and 
the two lateral flocculi, the paraflocculi, most of the vermis (except the 
declive, folium and tuber) and the “ physiological anterior lobe of the cere- 
bellum ” (lingula, lobulus centralis, culmen and lobulus simplex) (Fig. 382). 
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(u) The neocerebellum consists of most of the posterior lobe ; it does not 
include the pyramis, uvula and paraflocculi or the lobulus simplex, but does 
include the folium and tuber (of the vermis) (Fig. 382). Roughly speaking 
the greater part of the lateral hemispheres of the cerebellum is neocerebellum. 



Fig. 383 — Main Connections of Palseocerebellum. 

D.N.R., dorsal nerve root. D.N., Deiters’ nucleus. 

V.H.C., Ventral horn cell. Vestib-Cereb Tract, Vestibulo-cerebellar tracts. 

Vest. Nerve, Vestibular nerve. Ret. Nuc., Reticular nuclei. 

Vest.* Nuc., Vestibular nucleus. Ret. Sp. Tract, Reticulospinal tracts. 

Spino-cerebell. Tr., Spinocerebellar tracts (dorsal 
and ventral). 


The size of the neocerebellum increases phylogenetically with the develop- 
ment of the cerebral hemispheres. 

As will be explained later, the palseocerebellum discharges to the brain 
stem and thus regulates posture. The neocerebellum discharges to the upper 
brain stem, thalamus and cerebral cortex and thus regulates voluntary 
movements as well as posture. 
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The surface of the cerebellum is covered by a grey cortex which is thrown 
into numerous fine convolutions (folia). In the white matter of the interior 
of the cerebellum are found masses of grey matter (deep nuclei) : the dentate 
nucleus in the lateral hemispheres, and a group of three more medially placed 
nuclei (n. emboWormiSy n. globosus and n. fastigii (the last is part of the roof 
of the fourth ventricle and therefore referred to as a “ roof nucleus ”)). 



Fig. 383a. — ^Diagram of Spinal Cord and Medulla to show 
^cending Cerebellar Tracts. 

V.sp.C., ventral spinocerebellar tract. D.sp.C., dorsal spinocerebellar 
tract. CLC., Clarke’s column of cells. 01., Olivary nucleus. V.X., 
vestibular nerve. V.Nuc., vestibukir nuclei. IT.Grac., nucleus 
gracilis. N.Cun., nucleus cuneatus, R.B., restiform body. Ext.arcJf., 
external arcuate fibres. 

Histology of the Cerebellar Cortex. — Three layers are recognized — an 
outer molecular, an inner nuclear, and a middle layer of Purkinje cells. 

(1) The Purkinje cells are large flask-shaped cells ; their axons pass into 
the white matter to end mainly in the deep cerebellar nuclei (suprc^. Their 
dendrites form a complex tree-like arborization in the molecular layer. 

(2) The molecular layer contains the basket cells, whose axons link 
up a number of Purkinje cells and end in basket-like interlacements round 
their bodies. 
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(3) The nuclear layer consists of round cells (granules) with large nuclei 
which practically fill the cell substance. Their axons pass up into the 
molecular layer and bifurcate, but their mode of termination is not known. 
Their dendrites end locally in their own layer in tuft-like endings. 

(4) Afferent fibres enter from the white matter : the moss fibres end in 
tufts round the dendrites of the granule cells ; the tendril or climbing fibres pass 
into the molecular layer and twine round the dendrites of the Purkinje cells. 

The cerebellar cortex is thus an elaborate internuncial mass connecting 
the incoming afferents with the deep nuclei ; it is the latter (in the main) which 
give rise to the efferent cerebellar fibres which pass to the brain stem, thalamus, 
and cerebral cortex. 

Connections and Functions of the Cerebellum. 1. Flocculo- 
NODXJLAE Lobe. — (i) Its main connections, afferent and efferent, are with the 
vestibular nuclei (Fig. 382). 

Vestibular afferents (from the otolith organ and semicircular canals) pass 
both directly or after relaying in the vestibular nuclei via the restiform body 
(inferior peduncle) to the flocculonodular lobe; efferents from this lobe 
return in the resl^orm body to the vestibular nuclei. From these nuclei 
the descending vestibulospinal tract connects with spinal motor neurones. 
The filocoulonodidar lobe is thus a long relay, superimposed on the vestibula/r 
nuclei, for controlling bodily 'posture. 

(ii) Effects of Extirpation. — ^Isolated extirpation of this lobe has no effect 
on voluntary movement or on limb posture. The main disturbance is of 
equilibrium, shown by an inability to maintain the erect position. A monkey 
so aflOdcted is unable to stand up without swaying and generally sits in a 
comer propped up by the two sides of its cage. There is a common cerebellar 
tumour (medulloblastoma) occurring in childhood which, because it affects the 
flocculonodular lobe, produces similar unsteadiness in standing and walking, 
the so-called trunk ataxy. Similar symptoms (as might be expected) follow 
section of the restiform body. 

After removal of the nodulus in the dog, the animal no longer develops 
motion sickness. 

2. Main Palseocerebellum. — (1) Connections (Figs. 382, 383). 

(i) Afferent Fibres. — The main part of the palseocerebellum, i.e. the 
“ physiological anterior lobe ” and the posterior part of the posterior lobe, 
receives afferents chiefly from the muscles and related deep structures, and to a 
minor extent from the vestibular apparatus. 

The details are as follows (Fig. 383a) : 

(a) Muscle afferents from the trunk and limbs enter the dorsal nerve roots 
and end in Clarke’s column at the base of the dorsal horn of grey matter. 
The axons arising from these cells form : 

(а) The dorsal spinocerebellar tract which passes up the lateral column of 
its own side (in its dorsal part near the surface) to enter the restiform body 
(inferior pedimcle of the cerebellum). 

()5) The ventral spinocerebellar tract which passes up the ventral column 
of its own and also the opposite side, to enter the brachium conjunctivum 
(superior peduncle of the cerebellum). 

(б) Muscle afferents from the trunk and limbs also pass up in the dorsal 
columns, relay in the nuclei gracilis and cuneatus in the medulla and then 
pass via the restiform body to the cerebellum. 
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(c) Muscle afferents from the head, end in various sensory nuclei (especially 
V) and pass thence to the cerebellum. 

(ii) Efferent Fibres. — Efferents from this part of the pateocerebellum pass 
via the deep nuclei to the brain stem (mainly in the restiform body and the 
brachium pontis (middle peduncle of cerebellum)) to end in the vestibular 
nuclei and the reticular nuclei of the pons and medulla. The descending 
vestibulospinal and reticulospinal fibres connect with the lower motor neur- 
ones ; ascending fibres from the vestibular nuclei (in the median longitudinal 
bundle) end round cranial nuclei especially those supplying the eye muscles. 
The main palaeocerebellum is thus a long relay su^erimfosed on the brain stem 
and {as shown below) regulating the 
posture of the eyeballs, head, trunk and ^ — - — 

Umhs (Eii 383) 

(2) Functions. — ^Mostof the experi- X \ 

mental work has been carried out on / ^ I 
the anterior lobe. As explained on 
p. 593 some of the descending tracts ' T 

arising in the brain stem and ending at p ftN\ 

the lower motor neurones are facili- 

tatory (increasing muscle tone) ; others 

are inMbitory (decreasing tone). It S 

has been shown that the anterior lobe, ^ xV ^ 

by controlling the cells of origin of I Nuci. Dentate j 

these tracts can modify muscle tone in \ont. Nuci. y 

complex ways. ^ 

(i) Stimulation of the anterior lobe ^"\\\ 

may inhibit tone in the extensor \\\ 

muscles both in the intact and in the \\l 

decerebrate animal ; the effect is most Uj muscle 

marked on the same side of the body. ^ A 

The inhibitory impulses pass via the ^ 

dentate nucleus to the brain stem. Con- Vent. Horn 

versely, ablation of the anterior lobe Cci! 

enhances extensor tone in decerebrate 384.— Main Connections of Neo- 
rigidity. Extirpation of the lingula cerebellum. 

(which receives vestibular afferents Thai., Thalamus. Pyr. Tr., Pyramidal tract. 
(Fig. 3o2)) leads to ennancement oi pontis. Bet.N., Eeticuiar nuclei, 

vestibular reflexes. 


Cerebellum 


Vent. Horn 
! Cell 

Fig, 384. — ^Main Connections of Neo- 
cerebellum. 

Thai., Thalamus. Pyr. Tr., Pyramidal tract. 
E,.N., Bed nucleus. Nuci. Pont., Nuclei 
pontis. Bet.N., Betlcular nuclei. 


(ii) On the other hand stimulation of the anteriorlobe may sometimes increase 
muscle tone ; the facilitatory impulses pass via the n.fastigii to the brain stem. 

(iii) The effects of the anterior lobe on the lower motor neurones are to 
some extent topographically localized. Specific areas in the anterior lobe 
facilitate or inhibit the discharge of specific groups of motor neurones. 
Electrical studies have shown that impulses from specific parts of the limbs 
project on to specific points in the anterior lobe. 

The role of the palaeocerebellum as a reflex centre for the finer control of 
posture has been summarized by Sherrington : ‘‘ the cerebellum may indeed 
be described as the head ganglion of the proprioceptive system and the head 
ganglion here, as in other systems, is the mam ganglion.” ^ 

^ By “ bead gangUon/* ShOTringtoii means the ganglion situated in the head. 
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3. Neocerebellum (Most of the Cerebellar Hemispheres). — (1) Con- 
nections (Fig. 384). — The neocerebellum also receives some proprioceptor 
afferents from muscles via the spinocerebellar tracts. The main connections 
of each cerebellar hemisphere, however, are with the opposite cerebral 
hemisphere and the upper brain stem. 

(1) Cortico-pontine fibres arise in the frontal lobes mainly in the excito- 
motor cortex (areas 4 and 6) and in the temporal lobes, and end in the nuclei 
pontis, which also receives fibres from the pyramidal tracts. From the 
nuclei pontis the pontocerebellar fibres arise, which cross to the opposite 
cerebellar hemisphere in the brachium pontis. 

(ii) (a) From the dentate nucleus of the lateral lobe of the cerebellum, the 
brachium conjunctivum [superior cerebellar peduncle’\ arises. It crosses the 
middle line in the midbrain ; most of the fibres end in the (opposite) thalamus 
[latero-ventral nucleus]. A new relay arises there to end in the (opposite) 
cerebral hemisphere, mainly in the excitomotor cortex (areas 4 and 6). The 
pathway, cerebellum-thalamus-cerebral cortex-pons-cerebellum, can be 
regarded as a closed circuit by means of which the cerebrum and cerebellum 
mutually influence one another’s activities. 

Each cerebellar hemisphere controls the opposite cerebral cortex ; in its 
turn the excitomotor cortex via the pyramidal tract controls the movements 
of the opposite side of the body. Because of the double decussation (^.e. of 
the braoMa conjunctiva [superior cerebellar peduncles] and of the pyramidal 
tracts), each cerebellar hemisphere controls voluntary movements on its own side 
of the body. 

(6) Some of the efferent cerebellar fibres end in the opposite red nucleus 
and in the nuclei of the reticular formation of the brain stem. Descendmg 
rubrospinal, rubroreticular and reticulospinal fibres end at the lower motor 
neurones and influence tone. 

The connections of the neocerebellum shown in Fig. 384 make it clear 
how it can regulate voluntary movement and influence posture. 

(iii) Electrical stimulation of the motor area of the cerebral cortex produces 
localized responses in the cortex of the opposite cerebellar hemisphere ; face, 
arm, and leg areas in the motor cortex link up with specific areas in the 
cerebellar cortex. Conversely, cerebellar stimulation modifies the ‘‘ resting ” 
action potentials in the cerebral cortex (area 4) and enhances the excitability 
of the motor cortex to artificial stimulation. 

(iv) The anatomical and functional relationships between the palaeo- 
cerebellum and neocerebellum are obscure. There is no evidence that the 
main palseocerebellum and the neocerebellum are discrete physiological 
entities. It is difiGicult to understand how the neocerebellum can function 
effectively with so sparse a supply of afferents from the muscles and the 
vestibule. There may possibly be important connections between the 
different areas of the grey surface of the cerebellum which would convert the 
organ into an integrated unit. 

(2) Results of Lesions of Neocerebellum. — Injuries to the cerebellar 
hemisphere in man (due to gunshot wounds or tumour) produce characteristic 
disturbances of posture and of voluntary movement. In unilateral lesions, the 
changes are mamly found on the same side of the body. 

The detailed findings are set out fuUy below. 

Disturbances of Posture. — (1) Atonia. — ^There is diminution or loss 



RESULTS OF CEREBELLAR LESIONS 


609 


of tone in the muscles of the same side of the body, particularly in the limbs 
The muscles feel flabby and are readily compressed and displaced; they 
can be stretched without producing discomfort. If the forearm is held and 
the hand shaken to and fro, the oscillations of the hand are normally limited 
owing to the tension of the muscles of the forearm. In the patient the hand 
swings about like a flail, inertly, till the joints lock and the bony structures 
prevent further movement. The limbs tend to assume or to be placed in 
abnormal positions that would normally be avoided. If the patient sits up in 
bed, the weight is thrown on the dorsum of the affected hand, so that the 
fingers and wrist are overflexed to a degree that would ordinarily be painful. 
Normally, if the forearm be held up vertically, the hand is only slightly 
flexed. In a case with cerebellar injury, extensor tone is lost, and the hand 
falls passively into a position of extreme flexion. These symptoms illustrate 
the varied disturbances which may follow loss of postural activity, and indicate 
how the case should be examined clinically. 

(2) Attitude. — The face is usually rotated towards the opposite side, 
and the occiput is approximated to the affected shoulder. The homolateral 
shoulder is sHghtly raised and is in front of its fellow of the other side. The 
leg is abducted and rotated outwards, thus giving the body a wider basis 
of support. The weight is thrown on the sound leg, and so the trunk is 
bent with the concavity towards the affected side. Giddiness (vertigo) is un- 
common, except immediately after the injury, and when present has no 
constant relation to the side of the injury. In cases of tumour, external 
objects appear to move away from the side of the lesion, and the body tends 
to follow suit, the head and shoulder, as mentioned above, turning away 
from the affected side. 

(3) Spontaneous Deviation. — If the eyes are closed and the arms are 
held straight out in front of the body, they normally remain quite steadily 
in this position. In cerebellar disease, the homolateral arm sways slowly or 
quickly outwards, away from the symmetrical position, and then comes to rest . 

(4) Barany’s Pointing Test. — ^The patient lies in bed, and a tape is 
held above the bed ; he is asked to touch a certain spot on the tape, then 
close the eyes, bring the finger down to the bed and then raise it again to 
the original spot on the tape. As the movement is repeated, the finger gradu- 
ally deviates outwards. Both this sign and spontaneous deviation are not 
due to loss of muscle sense, because the patient is aware of the position of 
the deviating finger and can touch it with his normal finger. They result 
from some disturbance of postural activity. 

(5) Static Tremor. — ^There may be slight oscillations of the head and 
trunk in any direction, owing to irregular contraction of the muscles wMch 
maintain attitude. If the arm is held out, a tremor develops after some time 
which consists of a slow downward and a quick upward movement. The 
slow displacement is possibly due to the action of gravity on the tired liinb, 
and the quick jerk may be the voluntary effort to get the arm back to its 
original position. 

(6) Nystagmus. — Normally the postural mechanism keeps the eyes when 
at rest in the central position ; when an object is being looked at the gaze is 
a steady one. In cerebellar lesions the eyes tend to deviate from the central 
position, some 10® to 30® to the opposite side. Why the deviation is in this 
direction is not clear, but having gained this position the eyes come to rest 

20 
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and the position is called the rest point. On looking fixedly at an object 
elsewhere in the visual fields, especially towards the affected side, the eyes 
display jerking movements termed nysto^mus. In character they resemble 
the static tremor described. There is a slow swaying movement towards 
the rest point, and a quick abrupt recovery, which is of cortical origin. In 
tumour of the lateral lobe the details of the nystagmus are a little different. 


The slow swaying movement occurs on looking to the side of the lesion, and 
there is a rapid to-and-fro jerking on looking to the opposite side. 

(7) Altbeation of the Deep Reflexes. — In cerebellar lesions, the jerks 
may be slower than normal and perhaps less vigorous as well, because the 
extent of the contraction produced by stretch depends on the initial degree of 
tone in the muscle, and in cerebellar disease tone is d i mi nished ; nor is there 
any tendency to maintain the quadriceps in the shortened position, so that 
the limb falls quite passively when the twitch passes off. If the patient is 
seated on a high stool, it is found that the leg on falling goes on swinging 

freely to and fro. This type of response 

is therefore called the pendulum knee-jerk 

1 . (Fig. 385). 

H Disturbances of Voluntary Move- 

jl A ment. — (1) There is feebleness (asthenia) 

I A 1 1 1 1 A moderate degree, especially in the arm. 

1 A a 1 1 |\ |\/^ — This becomes more obvious when the 
V ^ 1 1 v ^ movement is prolonged, or requires 

y exertion of much power. The muscles 

^ tire very readily; the arm tends to 

droop if held outstretched for any time. 

11 Tr -1 There is slowness in carrying out every 

G. . ere e ar ee-jer . phase of a movement— delay in initiating, 

Two responses are shown. Note in each case f ^ j* ii • • 

the rapid relaxation and the after-swing- m attaimng tUli pOWer, in COmmencmg 

Hoiniw^^cS^ 1 ^^) ' relaxation, and in reaching full relaxation. 

There is reluctance to move the affected 


limb, which lies for long periods in one position. Objects are always picked up 
with the sound hand ; the affected arm does not swing to and fro in walking. 

(2) Ataxia is present — i.e. clumsiness and disorderliness of movement. 
Patients say : “ My hand will not go straight, it is drunk ; I do not seem 
to be able to do what I want with my hand, though if I get hold of anything 
I can grip it all right.” The ataxy is worse if a movement is hurried or if a 
number of joints are iuvolved. It is not affected by closing the eyes, because 
muscle sense is normal and knowledge of position is unimpaked. The 
ataxy has been analysed thus : 

(i) Decomposition of the Movement . — There is inability to perform simul- 
taneously the various movements which constitute an act. The separate 
movements are carried out “ by numbers ” as in a gymnasium. Thus, on 
trying to bring the heel on the opposite knee while lying in bed, the heel is 
dragged along the bed till it reaches the knee, and then raised to the proper 
height, then adducted and placed on the knee. 

(ii) Asynergia . — ^Proper co-ordination is lacking between the protagonists, 
the antagonists, and the synergic muscles which fix joints. Thus the ex- 
tensors of the wrist are normally synergic muscles to the flexors of the fingers, 
the former placing the wrist- joint in the most favourable position for the 
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action of tlie latter (cf. p. 651). TMs can be readily seen on attempting to 
flex tbe Angers with the wrist horizontal or flexed. In cerebellar trouble, 
on flexing the Angers the wrist is extended too late or too early, or not at aU. 

(iii) Dysmetria . — The force employed is ill>adapted to the aim of the 
movement. The hand shoots past an object or is stopped prematurely. 

The ataxia is attributed to lack of cerebellar “ guidance ” of the centres 
in the cerebral cortex concerned with voluntary movement. The synergist 
component of a voluntary movement is imperfectly employed (asynergia) ; 
there is disturbance of the duration of the contraction, of the proper timing 
of one concentration relative to the next (decomposition), and of the proper 
force of contraction (dysmetria). 

These disturbances can be demonstrated by simple clinical tests : 

(i) Finger-Nose Test , — The patient is asked to bring the tip of the finger 
of the outstretched hand on to the tip of the nose with the eyes shut. The 
movement is not begun promptly, the different groups of muscles do not 
co-ordinate efficiently, the shoulder-joint 
is not kept stiU, and the force is not 
nicely adjusted. The finger thus advances 
by a series of irregular jerks, the move- 
ment being broken up and each phase 
overdone; the finger shoots past the nose, 
or strikes the nose with excessive force 
and “ keeps on rubbing itself in.” 

(ii) Adiadochohinesis , — The patient is 
ordered to carry out rapid pronation and 
supination movements simultaneously in 
both forearms. The movements on the 
affected side are slower, less regular, and 
the range is less uniform; adventitious 
movements occur at other joints owing 
to contraction of unnecessary muscles. 

Because of fatigue and disinclination the 
movements are soon abandoned (Fig. 

386). . , . 

(3) GAiT.—On first getting out of bed, the whole body sways irregularly^, 
and there is danger of falling to the affected side. The patient feels as if 
an invisible hand were puUmg him in that direction. AAer a time, he can 
maintain his equilibrium fairly well and makes appropriate though clumsy 
movements to regain his balance if it be threatened. The gait is frequency 
described as resembling that of a drunken man. That is inaccurate ; the 
patient walks carefully ; he does not trust the affected side, taking ®kort 
steps with that leg and hurrying off it. He demotes spontaneously toimrdst/ie 
affected side, and then tries to bring himself back to the original line, thus 
taking a zigzag path. 

(4) Speech. — This is affected in the same way as any other complex 

movement. It may be slow and monotonous, staccato or scanning in char- 
acter ; the consonants are frequently blurred, and there is a tendency to 
explosive utterance. Great efforts are made to utter any sentence, and these 
are associated with excessive facial grimacing. ^ •a- • 

After a time, compensation occurs, and the movements improve in efficiency. 



Fig. 386. — Cerebellar Ataxy. Adia- 
dochokiiiesis. 


Records of Rapid Pronation and Supina- 
tion of Arm. 

Upper curve— on side of cerebellar lesion 
(showing adiadochokinesis) ; lower curve 
— normal side. (Gordon Holmes, Lancet, 
1922 .) 
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There is less deviation, less decomposition, and better synergia. Epessive 
force and range persist, however, so that the movements remain jerky in 
character. 

Clinical Conditions associated with Cerebellar Dysfunction. — 

(1) In acute irritative lesions (e*g, vascular lesions) of the cerebellum, 
giddiness is severe and forced movements occur, which turn the patient so 
that the face on the side of the lesion is in contact with the pillow. 

(2) Tumour of the neocerebellum produces signs closely resembling those 
already detailed. The nystagmus, as stated, consists of a slow to-and-fro 
movement on looking to the affected side, and a rapid to-and-fro movement 
on looking to the opposite side. If the flocculonodular lobe is involved, the 
signs are bilateral and mainly involve the trunk (p. 606). 

(3) Tumours growing from the sheath of the eighth nerve usually involve 
the cerebellum later in their course. 

(4) In disseminated sclerosis, plaques of the disease frequently occur in 
the cerebello-pontine region, and produce signs of cerebellar dysfunction 
such as nystagmus, intention tremor, and ataxy of speech and of other 
movements. 

(5) In a group of diseases called hereditary ataxy, of which Friedreich’s 
disease is the best known, the spinocerebellar tracts or other cerebellar 
connections tend to degenerate early, producing characteristic signs. 

(6) Lesions of the cord, e.g, syringomyelia, or tumour, may press on the 
spinocerebellar tracts and cause nystagmus, etc. 


STRUCTURE OF CEREBRAL CORTEX.^ METHODS OF DETERMIN- 
ING CORTICAL CONNECTIONS. THE ELECTROENCEPHALOGRAM 

Structure of Cerebral Cortex. — ^Histological studies carried out over 
many years have led to the cerebral cortex being subdivided into many areas 
each with its distinctive cellular arrangement. The detailed cell structure of 
any cortical area is called its cytoarchitectonics or its cytoarchitecture. It is 
hoped that the results obtained, apart from their intrinsic interest, may help 
to solve problems connected with the localization of function in the cortex, 
as it is believed by some that each cortical area with a distinctive structure 
is a functionally specialized zone. This view may be correct about some 
cortical regions, e.g, the visual area, but it does not hold for all cortical 
areas. For example the two areas in the precentral motor cortex labelled 
areas 4 and 6 probably subserve some functions in common. Again the post- 
central gyrus is subdivided into areas called 3, 2 and 1 which may subserve 
a single common function. It must always be remembered that the different 
cortical areas are closely knit together as wiU be described later (p. 616). 

According to Economo, in typical regions of the cortex, six cell layers 
can be recognized which are numbered I to VI from without inwards 
(Fig. 387). 

Later I : Molecular layer, which contains numerous dendrites, axons, 
and gUa cells. 

^ Economo, GytoarcMtectonics of the Human Cereal Cortex, London, 1929. McCulloch, 
Physiol, Rev., 1944, 24, 390 ; Res. Tubl. Assoc, nerv. ment. His., Frontal Lobes, 1948. 
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Laybb II : External granule layer^ consisting of small densely packed 
cells (granules) wliicli are round, polygonal or triangular in shape. 

Layer III : External 'pyramidal layer whicli contains large pyramidal 
cells, usually increasing in size from without inwards. 

Layer IV : Internal granule layer, resembling layer 11. 

Layer V : Internal pyramidal ^ ^ ■ n 

layer, consisting typically of ; •* 

cells which resemble those found ^ 

in layer III. . . . , ^ J ‘ 

Layer VI: Fusiform cell 

layer, consisting of long * * * ‘V ; ‘‘i?! 

spindle-shaped cells arranged ifl *]V.; / 

perpendicularly to the surface. M ’ ‘4/ ‘ iu. 

The arrangement of the 111 • vV, *4 ^ * Jj i -C :r: l - 

nerve fibres in the cortex is ' ’ V* ‘•fl* ^ V ^‘1 • 

shown diagrammatically in Fig. ‘m* *.) \ * k wi * 

387. There are three principal . . * j/4 ; i 

bands of transversely running — 

fibres in layers 1, 4 (outer line IV ^ 

of Baillarger), and 5b (inner line •' — 

of Baillarger), respectively. The \,M i‘ ‘i \\‘ ’ *; 

longitudinally running fibres V \ ! !]j * 

penetrate outwards as far as » ** Jb ^ 

^In addition to the three 
types of cells already referred >»» <• *.vn{ V 

to, i.e. the granule, pyramidal, 
and fusiform cell, there are . . | .♦a* » ^ i*|i 

special cells in certain regions, J'Jy Y •*' 

e.g, giant cells of Betz (60-120 ju *[ .•) • Yk 

by 30-80 /j) in area 4y in ' l*/7 

the precentral gyms and the .r:-' i-. \ 

giant stellate ceUs in the visual ^ 

cortex just described (or ^ c ^1 . t 

» a^oUccoL 

which IS constructed on an I to VI, are the cell layers; on the 

entirely different plan. The right, 1 to 6, are the fibre layers as they 

allocortex includes the uncus, specimens stained by the 

iipp»««p,^ »d tie gj™ SsSSi5tf««SKiiSi3 

dentatus ; in man it con- lines of Baillarger. (Economo, C^/ioarcA-i- 

stitutes about one-twelfth of the tectonics of the Human Cerebral Cortex, 

cerebral surface. In some Oxford University Press, 1929.) 


- iti 

' • i i **: 

A: ••• iv; '} .v' 1 

'■•F' r' i**'- *‘5 


• •: 
“/•. ) I • 


Fra. 387. — ^Diagram of the Layers of the 
Human Cerebral Cortex. On the left, 
I to VI, are the cell layers; on the 
right, 1 to 6, are the fibre layers as they 
appear in specimens stained by the 
Weigert-Pal method. Layers 4 and 5b 
are respectively the external and internal 
lines of Baillarger. (Economo, Cytoarchi- 
tectonics of the Human Cerebral Cortex, 
Oxford University Press, 1929.) 


species, however, for example 

the hedgehog, it may form about three-fourths of the surface. 

The cortical grey matter differs in thickness in different regions, e.g. or 
an average on the convexity it is 3*5 mm., at the base 3 mm., and on the medial^ 
surface 2*7 mm. The TnayiTmim thickness (4*5 mm.) is found in the pre- 
central gyrus and the anterior part of the temporal lobe ; the min im um 
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(1'3 mm.) is at the frontal and occipital poles. The grey matter is twice as 
thick on the crown of a gyrus as in the furrow. 

According to Economo, five fundamental types of isocortex may be 
differentiated ; types 2, 3, and 4 are essentially alike and differ one from the 
other in details ; types 1 and 5, on the other hand, contain very obvious 
distinctive features (Eig. 388). 

Tyjpes 2, 3, and 4. — These have the six typical laminse previously 
described. 

(i) Type 2 . — Frontal type (anterior two-thirds of the frontal lobe, superior 



Fia. 388. — Diagram of the Five Fnndamental Types of Structure found in the Cerebral 
Cortex. (Economo, Cytoarchitectonics of the Human Cerebral Cortex, 1929.) 

parietal lobule, and part of the temporal lobe). The granule cells are 
triangular. 

(ii) Type 3. — PanetaZ type (parietal lobe and junctional region of parietal, 
occipital, and temporal lobes). There is an increase in the depth and density 
of the two granule layers II and IV, and these cells are round in shape ; the 
pyramidal cells are smaller, slender, and more numerous. 

(iii) Type 4 . — Polar type (only at the frontal and occipital poles). The 
cortex is narrow, and all the layers are reduced in depth though the cells are 
more densely packed. 

Type 1. — Agranula/r cortex. — This is characteristic of the excitomotor 
regions of the cortex and is thus found in the posterior third of the frontal 
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lobe anterior to the fissure of Eolando. It is however also found on the 
convesdtj and medial surface of this region, in Broca’s area, and the anterior 
part of the island of Eeil. As the name impKes, granule cells are completely 
absent ; the cells in layer II and IV have become jpyramidalizedy i.e, replaced 
by pyramidal cells. 

Type 5 . — Granular cortex. — This is characteristic of the sensory zones, 
e.g. the postcentral gyrus (general body sensation), calcarine region (vision), 
Heschl’s gyrus (hearing). The granules have largely replaced the pyramidal 
cells in layers III and V, ^.e. the cells have become granuUzed. In the visual 
cortex the internal ^anule layer IV is divided into two parts by transversely 
running fibres (the line of Gennari). 

Maps illustrating some of the oytoarchitectonically discrete areas are 
shown in Figs. 407, 430 et seq , ; such maps are useful when stimulation or 
extirpation experiments are planned to determine more precisely the functional 
attributes of different cortical regions.^ 

Methods of Determining Cortical Connections. — (1) Use of Wal- 
LERiAN Degenebation AND Cheomatolysis. — (i) If the cell of origin 
of an axon is destroyed, the axon undergoes degeneration throughout its 
course ; the path taken by the degenerating axon from its origin to its 
termination can be followed using the Marcln staining technique (p. 499). 
Thus if the “ arm ” area of the motor cortex is excised, the degenerating 
arm fibres of the pyramidal tracts can be traced through the central nervous 
system to end in the lower cervical and upper thoracic cord (Fig. 412). 
Similarly, if a nucleus in the thalamus is destroyed, the axons from the 
nucleus can be traced to their terminations m the cerebral cortex. 

(ii) If an axon is out, its cell of origin undergoes chromatolysis (p. 494). 
Thus, if the corticospinal fibres are cut in the medullary pyramid, their cells 
of origin in the motor area show chromatolysis. 

(2) Electrical Methods. — (i) As the nerve impulse is accompanied 
and signalled by a spike potential, the route and site of termination of nerve 
fibres can be demonstrated by electrical means. Thus by exploring various 
points in the central nervous system with micro-electrodes, when a certain 
tract is transmitting impulses, the course followed by the tract can be 
determined. This method has been used to trace, e.g, the course of the central 
auditory pathway (in the lateral lemniscus), and that of the pyramidal tract. 

(ii) The points of termination of impulses from various sense organs in the 
cerebral cortex can, similarly, be determined. A minute electrode, placed on 
the surface of the cerebral cortex, picks up the spike potentials developed in 
its neighbourhood. A sense organ (eye, ear, skin receptor) is stimulated ; the 
impulses set up finally reach the related receiving ” area in the cerebral 

^ It must be remembered that, as the necessary histological work is extremely difficult 
and time-consuming, very few brains in any one species have so far been exhaustively 
studied. As many cytological features must be taken simultaneously into account in 
delimiting an area, the results reported by different investigators show significant differ- 
ences. The margins of the described areas are not sharply defined, but a gradual trans- 
formation seems to occur. Most workers use the map prepared by Brodmann which 
must, however, be regarded as merely a first approximation which is undergoing pro- 
gressive modification as experience grows. 

For a critical appraisal of the value of the results of 03 dioarchitectonic studies see 
Walshe, Critical Sl/udica in Neurology, 1948. Walshe goes so far as to suggest that some 
of the details appearing in cytoarchitectonic 2 B!iaps may constitute contributions to neuro- 
mythology rather than to neurology. 
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cortex where their arrival can be detected by the occurrence of a sudden 
burst of electrical activity. By such means we can determine in detail how 
any sensory field is projected on to the cortex (p. 568). 

(iii) Physiological Neuronography.^ — This method is a very valuable 
modification of the electrical technique just considered. A piece of blotting- 
paper a few square millimetres in area is soaked in a strychnine solution 
and apphed to the surface of the cerebral cortex ; the strychnine stimulates 
the nerve cells locally, causing them to discharge ; the nerve impulses, so 
generated, travel along the axons into the white matter to reach another 
area of the cortex or some subcortical nucleus. Let us silppose that we are 
dealing with nerve fibres arising in cells in region A in Fig. 389 and passing 
into the white matter to re-enter another region of grey matter, B, thus 
establishing connection with it. An electrode placed over B detects the arrival 
of the nerve impulses by recording the associated electrical disturbances (the 
spike potentials). Fig. 390 illustrates an experiment in which application 

of strychnine to the area 
shown as a black square 
gave rise to spikes in the 
points labelled respectively 
a and 6, proving that fibres 
from the stimulated zone 
made connections with the 
latter regions. This potent 
technique has revealed an 
extremely complex system 
of interconnections in the 
Fia. 389. — ^Diagram illustrating the Principle of cerebral cortex : (i) within 
the Method of Physiological Neuronography. areas which are cj1}oarchi- 

Oells give rise to axons, which mn in the imderlying white tectonioallv discrete * fiil 
matter to re-enter the grey matter and there end. , , /. * , ' / 

Application of strychnine at A to the cells stimulates between discrete areas on 
them ; impulses pass along the axons to the connected +La hotyia airlo • ha+wAA-n 
region of cortex B, where they can he recorded as Same Siae , between 
** spikes ” hy a locally placed electrode. SUCh discrete areas and 

corresponding points in the 
opposite cerebral cortex via the corpus callosum ; (iv) between specific 
regions of the cerebral cortex and various subcortical ganglia. Some of 
the connections demonstrated by this technique are illustrated in Fig. 390, 
which should be consulted. The fact that corresjponding points in the two 
hemispheres of the cerebral cortex are linked together is of great 
importance because it enables functionally identical areas in the two 
hemispheres to act as a physiological unit. 

The Electroencephalogram, — The electroencephalogram is the record 
obtained using indirect leads, of the changes in electric potential taking place 
n the grey matter of the cerebral cortex ; the electrodes are placed on two 
points on the surface of the skuU. A typical human record is shown in Fig. 
391. Most of the waves normally recur at a rate of 9 or 10 per second {alfJia 
waves) ; their amplitude is about 50 microvolts. This ]iid of record does 
not represent the activity of a single cell or of a few cells, but is the algebraic 
summation of the spike potentials generated by a mass of closely packed cells. 

^ For review see MoCulIoch, in Bucy, PreceTUrdl Motor Cortex. University of Bliuois, 
2nd edn., 1950. 
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The only circumstances under which the summed potentials, led off from a 
mass of cells, could appear as fairly reg^arly recurring potential waves, 
would be when many cells were discharging approximately synchronously ^ 
at the same rate ; if the cells were discharging asynchronously and at different 
rates, the resulting record would consist of innumerable irregular excursions. 

The large re^ar alpha waves appear only in the absence of mental 
and especially of visual activity; the eyes must be closed and the mind 
must be at rest ; as soon as the eyes are opened, the alpha waves are re- 
placed by very small irregular 
oscillations (Fig. 391). After 
the subject has been in the 
dark for some minutes, the 
alpha waves may persist even 
when the eyes are open, so 
long as nothing is being looked 
at ; but if some invisible object 
is being fixated in the dark, 
the alpha waves disappear. 

It is clear from these results 
that the cortical cells, when 
not engaged in any specific 
task (i.e. when they are “ at 
rest”), discharge synchron- 
ously about 10 times per 
second ; their pattern of 
“ inactivity,” so to say, ^ is 
a mark-time beat. Purposive 
activity of the cerebral cortex 
is associated with ^complicated 
pattern of discharge of the 
cells involved, which gives rise 
to an undecipherable record 
when the usual indirect leads 
are employed. 

The clinical significance 
of electroencephalographic 
records is considered in 
detail on p. 624. It is first 
necessary to discuss the fundamental question of how cortical potentials are 
produced under the resting conditions described above. 

Mode of Production of “ Resting ’’ Cortical Potentials. — Two 
possible explanations will be considered : [a) the cortical cells possess an 
inherent rhythmicity (e.p. like the sino-aurioular node) and, when not subjected 
to external influences, spontaneously generate impulses at a regular rate ; 
(6) the discharge of the so-called “ resting ” cortical cells is due to a regularly 
recurring stimulus coming from another part of the brain. Experimental 
evidence shows that the “ resting ” cortical discharge is due to the existence 
of a closed circuit consisting of cortex-->ihalamus--><jOrtex ; the cortex stimulates 
the thalamus which in turn stimulates the cortex again ; the cortical cells 
discharge every time the circuit is traversed. Hitherto psysiologists have 
20 * 


Fig. 390. — ^Physiolodcal Neuronography. (Dusser 
de Barenne and MoOuUocli, J. Neurophysiol., 
1938, i, 73.) 

The inset shows the motor area (area 4) of the cerebral cortex 
of Macaca mvlatta. L, A, F represent leg, arm, and face 
areas respectively. The small black square is the area 
to which the strychnine solution was applied. The small 
dots, labelled a and b respectively, are &e regions in the 
arm area (A) firom which the electrical potentials were 
recorded. 

1. Control dectrocorUcogram from arm area. 2, S. Slectro- 
corticogram &om region a and region b respectivdy, at 
the height of “ strychnine spikes ” (the spikes are the 
long heavy down strokes in the record). These records 
prove that the axons from the stimulated area re-enter 
the cortex at a and b ; in the technical terminology 
employed, areas a and b have been “ fbred from the 
stimulated r^on. 
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attempted to explain all types of neural activity solely in terms of reflex 
arcs of varying degrees of complexity. The closed circuit, which may also be of 
varying complexity, represents a conception of neural organization, hitherto 


A 


B 


unrecognized, and one of great interest and importance. The evidence is as 
follows : 

(i) An electrocorticogrcm is obtained in animals by leading directly from 
the exposed surface of the cerebral cortex ; the record (Fig. 392) resembles 
in a general way the indirectly obtained electroencephalogram, in that it 
consists of a more or less regular series of potential waves. In the motor 
area these waves are mainly generated by layer V ; thus if the outer four 

layers of the motor cortex are 
destroyed, the record remains 
substantially unaltered ia 
character; if layer V is also 
destroyed, the frequency of the 
waves becomes lower and their 
voltage becomes smaller. 

(ii) (a) The potential waves 
in a restricted area are unaflfected 
by a circular cut which isolates 
the region of cortex under 
examination from the rest of 
the cerebral grey matter; on 
the other hand, undercutting the 
cortical area, that is, severmg 
the white fibres entering and 
leaving it, abolishes the waves, 
proving that they are not 
generated “ spontaneously.” 

(6) Transection of the brain stem at the level of the medulla or midbrain 
does not significantly modi^ the waves ; but they are abolished by a deep 
cut through the cerebral white matter severing the connections between the cortex 



Fig. 392. — ^Electrocorticogram from Motor 
Arm Area (A4) of Brain of Macaque. 
(Dusser de Barenne and McCulloch, J. 
NeurophysioL) 

Note that this record is taken directly &om the surface 
of the cortex. 
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Fig. 391. — ^Normal Human Electroencephalogram (EEG). 

A. Normal record taken -with eyes closed, showing alpha waves. 

B. Normal record. On opening the eyes the regular alpha rhythm is replaced by small 

irregular oscillations. The normal waves return on closing the eyes. Time in seconds. 
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BEFORE UNDERCUTTING AFTER 

Fig. 393. — Severing Thalamo-cortioal Connections Abolishes the Besting 
Eleotrocortioogram. (Barenne and McCulloch, J. Neurophyaiol., 1941, 

4, 307.) 

Experiment on macaque under Dial ansasth^ia. 

Eecords on left and right are taken respectively before and after deep undercutting of the sensori-motor 
corct-ex (as illustrated in the centnd panel), severing all thalamo-cortical connections on that side. 
A4, A2, A6, A7 are records taken &om arm areas 4 (motor), 2, 6, 7 (sensory). Note the normal 
electrical activity in the control records. After the undercutting operation, all electrical activity is 
aboUshed. 



and the thalamus (Kg. 393). The resting electrocorticogram thus depends on 
the integrity of the connections between cortex and thalamus. 

(c) A further clue is provided by the following experiment. In certain 
states of anaesthesia, the cortical potential waves occur in groups separated 
by intervals of inactivity. Appropriate stimulation of the medial thalamus 
during these silent intervals can set up typical runs of alpha waves in the 
cortex (Fig. 394). 

The experimental results demonstrate the existence of a closed circuit, i.e. 


A 
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Fig. 394. — Stimulation of Medial Thalamus Produces Cortical Potentials Resembling 
the Normal Resting Electroencephalogram or Electrocorticogram. (Morison and 
Dempsey, Amer, J. Physiol.) 

Lightly anesthetized cat : electrocorticogram &om middle suprasylvian gyms. 

A. Spontaneous electrical waves at frequency of 8-12 per second, appearing in bursts and alternating with 

periods of feeble electrical activity. 

B. During the period indicated by the simal (lowest line) the medial thalamus was stimulated at the 

frequency shown by the signal. Electrical waves develop in the cortex, resembling those of tibie normal 
electroencephalogram* the waves wax and wane in magnitude, and show a uniform frequency. 
These waves appear all over the cerebral cortex ; they appear in areas of cOTtex isolated except for 
their thalamo-cortical connections. 
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thus, one which receives impulses from the strychnine-stimulated region). 
But if leads are taken from any other cortical area it is found that stimulation 

of the suppressor band causes no 

impulses to be sent to other cortical |i 
areas (i.e. these areas are not fired); 

but, as mentioned, the “ resting ” Milll ^ LiAii 

cortical potentials in these regions are I JL Ixjwdjk A fkkM 

extinguished (disappearance of the fV V W V V ^ ^ 

cortical potentials is shown in the control 

“firing diagram’’ by a horizontal line, 

thus — ) (Fig. 396). Fig. 397 for 2 

example shows that stimulation i k aa i ^ 

the suppressor band 4s depresses the 

electrical activity of the motor cortex. ™ ^ ^ " 

MecUnism of Suf^preBsion.-l^^ o7sSpFRESsoa™ND 

mechamsm is the same for all the — . 

suppressor bands ; impulses pass down 3 

from the suppressor band to the I 1 1 i 1 

caudate nucleus (Fig. 398) which is 
“fired.” From the caudate nucleus, 

impulses pass to the thalamus which " \r r ^ ^ 

is inhibited, as shown by the fact * ^ 

that the restmg thalanuc potentials L_ 

are depressed. Inhib ition of the piQ. 397 . — Suppression of Electrical 
thalamus blocks the passage through Activity in Motor Cortex as a Result 

it of the normal cortico-thalamo-cortical ff Suppressor Band. 

impylaes whioi a. r.^ A”'*’*’ 

cortical potentials. These cortical Experiment in macaque under Dial ansethesia. 
potentials consequently disappear 

(Figs. 399, 408). 1 . control record showing resting activity. 

It seems probable that aU regions of 2 . 
the cortex mamtain closed excitatory Note the 

circuits with the meaiai nuclei OI tne 5, Record taken 3 minutes later, showing 
thalamus. The lateral nucleus of the “f eieowcai actiYity to the control 

thalamus, on the other hand, merely 

relays impulses from the skin and muscles of the face, arm, and leg to 
the postcentral cortex (Fig. 357). The suppressor path from the cortex 


I RETURN OF ACTIVITY j 

Fig. 397. — Suppression of Electrical 
Activity in Motor Cortex as a Result 
of Stimulation of Suppressor Band, 
(Barenne, McCulloch, and Ogawa, 
J, NeurophysioL, 1938, 1, 438.) 
Experiment in macaque under Dial ansethesia. 
The records are taken from the face area of the 
motor cortex (area E4). 

1. Control record showing resting activity. 

2. Record taken 11 minutes after application 

of strychnine to the suppressor band _ 4s. 
Note the great reduction in the electrical 
activity ; the tall waves have disappeared. 

3. Record taken 3 minutes later, showing 

return of electrical activity to the control 
level. 





Fig. 398. — Stimulation of Suppressor Band Sets up Activity in (“Fires’’) Caudate 
Nucleus. (Barenne and McCuJlocli, J . NeuTOjphysiol.f 1938, 7, 367.) 

Records are taken from an electrode in the caudate nucleus. 

2. ^WOTdtoS‘6 minutes after applying strychnine to the ST9)pressor hand ^ 

of this band). The large upward spikes indicated by asterisks represent activity developing m the 
caudate nucleus (“ firing ” of caudate nucleus), 

3. Record taken 10 minutes later : the induced activity has suhairtwi. 
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via the caudate nucleus to the thalamus normally maintains a continuous 
inhibitory influence on the level of the “ resting ” cortical activity. 
Thus an acute destructive lesion of the caudate nucleus (severing the 




A4 




A 4 




A 4 


Fig. 399. — Stimulation of 

Caudate Nucleus Sup- 
presses Electrical Activ- 
ity in the Thalamus and 
in the Cerebral Cortex. 
(Barenne and McCulloch, 
J. Neurophysiol,, 1938, 1, 
372.) 

Experiment on macaque under Dial 
anesthesia. 

In 1, 2, and 8 the records from above 
downwards are : E.T.G. : elec- 
trical activity of nucleus of 
thalamus (electrothalamogram). 
A4 : electrical activity of arm 
area of motor area 4. 

1 : control records showing resting 
activity. , ^ , 

2 : records taken after stimulation 
of caudate nucleus by local appli- 
cation of strychnine. Note that 
there are long periods in the 
records in which electrical activity 
is almost completely suppressed 

3 : record taken later in which the 
electrical activity has returned to 
its control level. 



9, 130.) 

Midsagittal reconstruction of brain stem (moidcey) with 
cerebral cortex superimposed (the parts of the cere- 
bral cortex which are treated as transparent are 
indicated by dotted lines). ^ ^ 

4, 6, precentral motor cortex. 1, postcentral sensory 
cortex. 4s, 2s, cortical supressor bands. MI, massa 
intermedia. CC, corpus caUosum. 3V, tod 
ventricle. 00, optic chiasma. SO, superior collicm. 
BP, basis pedunculi. P, pons. A, aqueductus 
Sylvii. 0, cerebellum. 4V, fourth ventricle. 0, 
olive. H, hypoglossal nucleus. Py, pyramid. 
+++, the region of brain stem (mcl&i of r^icular 
formation) which is “ fired '' (activated) when the 
cortical suppressor bands 4s, 2s are s^bimulated. 
Stimulation of the brain stem region +++ 
nuclei) inhibits the spinal motor neurones. The 
descending fibres from 4s and 2s run in the pyramidal 
tract in the basis pedunculi and pons ; they are cut 
by a section through the basis pedunculi at a. They 
end in the reticular formation of ihe pons and 
meduUa ; the next relay, the reticulospinal fibres, ^ 
not cut by a section at /3 through the upper medullary 
pyramid. 


suppressor patiLway) is followed by the deyelopmeut of j 

electrical activity both in the thalamus and in the cerebral cortex, 
follows that impulses from any source that modify the excitability or tn 
medial thalamic nuclei may alter the amplitude, frequency, and o 
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characters of the resting electrocorticogram or electroencephalogram. Stimu- 
lation of the hypothalamus (surprisingly) sends impulses up into the thalamus 
and alters the pattern of 
cortical activity. The waves 
in the electroencephalogram 
may thus be expected to 
show characteristic features in 
different individuals according 
to their emotional or mental 
make-up, or the state of health 
(or disease) of the organs in 
general. 

(2) Descending Inhibi- 
tory Pathway to Lower 
Motor Neurones. — Prom 
the suppressor bands 
descending fibres arise which 
give collaterals to the caudate 
nucleus and receive descending 
fibres from that nucleus. The 
fibres from the cortex and 
caudate nucleus end in the 
nuclei of the reticular forma- 
tion throughout the brain 
stem (p. 702 Pig. 400). Prom 
these nuclei, reticulospinal 
fibres arise which end round 
the cranial and spinal lower 
motor neurones and inhibit 
their activity. 

The functions of this inhibitory pathway are illustrated by the following 
observations. 

(i) Stimulation of the suppressor area 4s aboHshes muscle tone and inhibits 
any movements which are taking place at the time. Stimulation of the 

relay nuclei in the 
reticular formation like- 
wise produces inhibitory 
effects; it inhibits reflexes 
involving the face (e.g. 
blink reflex), the arm or 
the leg {e.g, knee-jerk) 
(Fig. 401). 

(ii) A cortical motor 
point is stimulated at 
regular intervals to 


Pig. 401. — ^Descending Inhibitoiy Pathways from 
Nuclei of Reticular Formation of Brain Stem. 
(Magoun and Rhines, J. Neurophysiol. , 1946, 9, 
166.) 

A. During lower signal : stimulate internal capsule (pyra- 
midal tract) to produce flexion of hind limb. During 
upper signal : stimulate reticular nuclei in brain stem. 
Temporary inhibition of muscular contraction. 

Records from above downwards : knee-jerk ; flexor 
reflex ; blink reflex (elicited at 2 sec. intervals) ; signal 
Ikie. During signal : stimulate reticular nuclei. All 
the reflexes are inhibited. In the case of the knee-jerk 
there is post-inhibitory rebound. 

C. Records from above downwards : contractions of fore 
Umb and contraction of hind limb elicited by stimuli 
applied at short intervals to motor cortex ; signal line. 
During signal : stimulate reticular nuclei. Temporary 
inhibition of responses followed by some rebound. 


B, 



Fig. 402. — Stimulation of Suppressor Band Annuls 
Effect of Stimulating Motor Cortex. (Barenne and 
McCidloch, J. Neurophysiol., 1941, 4, 316.) 

Stimulate arm area (A4) of motor cortex to produce wrist extension 

at intervals of one minute throughout the Tig. At the - _ 
arrow, brief stimulation of suppressor area 48. Note that the prOClllCC 8» mOVOmonl}, e.g. 
response to motor cortex stimulation rapidly disappears and WhiT#^ 

then slowly recovers. Time in minutes. e^nsion. 

this background activity 

is taking place the suppressor area 4s is stimulated for a short time. After a 
latent period, the muscular contractions in response to motor cortex stimulatioD, 
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diminisli and ultimately disappear; recovery of the response gradually 
develops (Pig. 402). It may be concluded that the inhibitory pathway from 
the suppressor area to the spinal cord competes with and gradually annuls 
the excitatory effect at the spinal motor neurones produced by impulses 
passing in the pyramidal pathway. 

(iii) Extirpation of area 4s releases the lower motor neurones from a tonic 
inhibitory influence thus giving rise to increased muscle tone of characteristic 
distribution (spasticity) and exaggerated deep reflexes. These changes are 
similar to those observed in clinical hemiplegia. The inhibitory fibres from 
area 4s are probably intermingled with the pyramidal tract fibres in the 
internal capsule, in the midbrain [basis pedunculi] and in the pons. The 
next relay, the inhibitory reticulospinal fibres, are not associated with the 
pyramidal fibres in the medulla (Pig. 400), but may rejoin them in the spinal 
cord. It is likely that the changes in posture and reflexes in clinical hemiplegia 
are not due to injury to the pyramidal tracts but to involvement of the 
inhibitory pathway (p. 646). 

As area 4s is so closely associated anatomically with the motor area 
(Pig. 407) the results of stimulation or extirpation of the motor area may be 
seriously modified by accidental involvement of the suppressor area. 

CLINICAL ELECTEOENCEPHALOGEAPHYi 

The objects of clinical EE6 recording are : — 

(i) to obtain an idea of the distribution of the electrical activity over as 
wide an area of the cortical surface as possible ; 

(ii) to observe, simultaneously, activity arising in different parts of the 
brain ; 

(iii) to obtain a continuous recording for as long a period as possible 
from various parts of the brain so as not to miss abnormal activity which 
may occur only sporadically ; 

(iv) to observe the response to certain standard test situations (evohed 
activity). To attain these objects it is desirable to use a multiple amplifier 
EEG machine which enables several records to be obtained simultaneously. 
Usually six simultaneous tracings are taken. Many electrodes are placed on 
the scalp and connected in pairs to the EE6 machine so as to give antero- 
posterior and transverse cross sections ”of the brain in all areas. Each 
toeing (Pig. 403) is a complex rhythmic wave which seldom, if ever, repeats 
itself precisely. 

It is an obvious preliminary to the classification of abnormal rhythms 
that there should be some method of analysing and classifying the normal ’’ 
record in aU its range of variation. This difficult undertaking can be accom- 
plished instrumentally. The analyser most widely used in Britain makes, 
automatically, an analysis of the EEG tracing every 10 seconds, and writes 
out a histogram of the wave components underneath the complex wave 
tracing to which the analysis refers (Pig. 403). The analyser gives the answer 
in terms of the relative amplitudes of the pure wave (sine wave) components 
present in the complex wave analysed. This form of analysis is known as 

iRes. Publ. Assoc, nerv. ment. Dis., Epile^psy, 1947. Gibbs and Gibbs, Atlas of 
EleciroencepJuilography, 1941 ; vol. I, 2nd edn., Massachusetts, 1950. Hill and Parr, 
ElectroencepTuUography, London, 1960. 

Section contributed by W. F. Floyd. 
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Fourier analysis and is applicable to any complex recurring waveform {e.g 
sound waves ; the cochlea is an acoustic analyser, operating in a similar 
manner). 

For convenience of description the frequency spectrum from 1 to 30 cycles 
per sec. (c/s) is divided into five bands as shown in the following table. This 
range covers all the frequencies present in most EE6 records to which 
attention has so far been paid. 

Frequency c/s. Band. 

1~3‘5 delta (6) 

theta (0) 

8-13 alpha (a) 

14:-18 beta (p) 

20-30 gamma {y) 

The alpha rhythm is the main rhythm ordinarily found in the normal 
adult ; its amplitude is some 50 juY. It is usually a complex wave with two 



TIME 1 SEC. 

Fio, 403. — ^Normal Human Electroencephalogram and its Analysis. 

Upper record : Channel 5, 

The disposition of the surface ele ctrodes on tiie head is shown in inset (top = front, bottom = back 
of head). 

Lower record : Analysis of Channel 6. 

The height of each wave is proportional to the magnitude of the contribution of the particular 
wave frequency. 

or three pure wave components, all of which lie within the alpha band (as 
defined above), but the relative amplitudes of the components may vary 
continuously. The alpha rhythm is present maximally in the occipital and 
parieto-occipital area, and is usually diminished during visual activity and 
mental effort. The alpha rhythm as thus defined is not simply rhythmic 
activity falling in a particular frequency range (8-13 c/s), but it involves 
cortical localisation and a particular response characteristic. However, the 
term ‘‘ alpha rhythm ” is sometimes used more loosely to describe any 
rhythmic activity the frequency of which lies within the alpha range. 

In some adults a low amplitude (10 /xV) theta rhythm is also found, 
usually over the parietal and temporal areas. During sleep, delta waves 
may appear, and may reach an amplitude of 100 /jlY, and are found diffusely 
over all areas of the brain. 

In children, electrical activity is present in the brain from birth onwards, 
but can only be recorded at first during sleep. From 3 months of age onwards, 
rhythmic activity is detectable in the occipital region, at first at 3-4 c/s and 
increasing in frequency as the age advances. The normal adult rhythm is 




626 


EVOKED EEC RESPONSE PATTERNS 


established by 8-10 years. In old age the maturation process is reversed 
senility being accompanied by some slowing of the rhythm. 

Evoked Activity. — Three methods are commonly used in clinical work 
to evoke EE6 response patterns. 

(i) Overventilation, The response of the normal subject to overventila- 



tion for several minutes . is often nil, but wide variation is seen. The procedure 
may evoke high voltage delta activity of 2-3 o/s : sometimes theta activity 
(4-7 c/s) is also present. The delta activity appears in 1-2 minutes and 
ceases within a few seconds of cessation of overventilation. The clinical 
test is usually a 3-4 minute period of overbreathing (marked increase of 
depth but not usually of rate). 

(ii) Photic Stimulation, A powerful flashing light is directed into the eyes 
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and the frequency of flashing is varied. Normal subjects show a variety of 
responses, of which one of the commoner is the appearance of the flicker 
frequency as a component of the EEG rhythm. 

(iii) Chemical Stimulation, Certain drugs, e.g, leptazol (pentamethyl- 
enetetrazole), or insulin, are admimstered, usually intravenously, in an 



Fig. 406. — ^Electroencephalogram showing “ Focus.” 

Inset : Disiwsition of electrodes across anterior part of head. 

Records from above downwards : Chaimel 1 (right), 2 (midline), S (left). 

Eacamine part of channels 2 and 3 marked by the ri^t horizontal line. 

Corresponding waves have been indicated by the connecting dotted 
lines. Kote that each wave in channel 2 is similar In slmpe to the 
wave in channel 3, but is opposite in direction. This finding demon- 
strates that the abnormal focus is under the electrode which is 
common to channels 3 and 2 (marked by arrow in inset). 

attempt to diagnose epilepsy by the abnormal rhjiihms so evoked in epileptic 
subjects. 

Abnormal Rh 3 rthms. — Cerebral dysrhythmia is found in a variety of 
pathological states, of which the more important for diagnostic purposes 
are : the epilepsies, local cerebral lesions, {e.g. abscess, tumour, or trauma), 
infective conditions and degenerative processes. The spike and wave com- 
plex (*' dart and dome ’’ of the American literature) is the commonest 
feature of epileptic records (Eig. 404). The simplest type of spike and wave 
complex consists of a single spike associated with each wave ; the waves 
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occur most often at about 3 per sec. The spike amplitude is variable over 
Afferent areas of the brain, but the wave amplitude is more constant and may 
reach *1 mV or more. The complex occurs spontaneously in the resting record 
of epileptic subjects (most often in petit mal). As a single isolated complex 
appearing in one or more leads it is usually unaccompanied by any change in 
consciousness : as a repeated pattern of cerebral discharge it is generally 
accompanied by a minor attack with the usual clinical manifestations, such 
as, fixation of head (e,g, rotation to left or right), eyes open and staring, and 
transient loss of consciousness. The repeated spike and wave pattern appears 
also as a response to overventilation in some epileptics. Its presence in an 
EEG record is diagnostic of epilepsy, but not necessarily of a particular 
clinical entity such as petit mal : other features of the record and the patient’s 
clinical history have to be taken into account in making a diagnosis. It is 
also found in some patients with cerebral injury or tumours, but usually 
in these cases the complex is strictly localised to the vicinity of the lesion. 

In about 50% of patients subject to major seizures, the inter-seizure EEG 



Upper Uecord ; EEG, channel 4. Lower llecord : analysis of channel 4. Compare normal 
findings in Eig. 403). 


record is normal. In the remainder the abnormal features, including the 
overventilation record, cover a wide variety of patterns, e.g, the presence of 
delta waves, theta waves, or fast activity (mainly beta). 

It is rare for an EEG recording to coincide with a major fit. Such records 
of the major fit as have been made contain high frequency components 
(mainly in the form of “ spikes ”) during the tonic and clonic stages of the 
seizure, preceded and followed by a rhythm containing both delta and theta 
activity components. 

EEG records containing typical epileptic wave patterns {e,g, spike and 
wave complexes or paroxysmal spike discharges) are found in certain cases 
of cerebral tumour or trauma. This epileptiform activity is usually restricted 
to the area of the brain involved in the lesion and the abnormal activity 
shows a “ focus ’’ area, i,e, the wave pattern appears on each side of the focus 
but in opposite polarity (Eig. 4:05), thus producing a reversal of the phase of. 
the spikes or the waves over the site of origin (‘‘ focus ”). 

The typical EEG record of an intracranial tumour is one in which slow 
wave activity is the donainant feature ; the record is often of high voltage 
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(100 jwV or more) and the delta rh 3 rthm component shows a focus in the 
vicinity of the tumour. In addition there may be a theta rhythm present 
(but usually only if the tumour is deep seated) as well as the normal alpha 
rhythm components. The delta waves are often quite irregular in form and 
occurrence, but may be present as a semi-continuous train of constant ampli- 
tude almost sinusoidal waves (Fig. 406). The source of the abnormal delta 
rhythm is not the lesion itself but the adjoining cerebral tissue which is under 
the mechanical stress set up by the tumour tissue. The effect of mechanical 
pressure on normal cortical tissue is to evoke slow wave activity. The greater 
the rate of increase of pressure, the slower the induced rhythm and the 
greater its amplitude. Small, slowly growing tumours (e,g, benign tumours) 
are not so readily detected, therefore, by electroencephalography as are 
rapidly growing tumours (e.p. an astroc^oma). 

EXCITOMOTOR AREAS. PYRAMIDAL TRACTS. 

CLINICAL HEMIPLEGIA i 

Excitomotor Areas. — The term excitomotor area is generally applied 
to that part of the cortex of the frontal lobes which on stimulation gives rise 
to skeletal muscle responses. As this region lies anterior to the central sulcus 
it is commonly called the 
'precentral motor cortex. It is 
divisible into several cytoarchi- 
tectonically distinct zones (Fig. 

407) with fairly distinctive 
functions. 

(1) Ajrea 4. — This occupies 
almost the whole length of the 
precentral gyrus ; it extends back 
into the central sulcus itself and 
over on to the medial surface 
of the hemisphere. 

Area 4 is the main region of 
origin of the pyramidal tracts 
(some of these fibres, however, also 
arise from area 6). Stimulation of 
this region produces co-ordinated 
movements of the opposite face, 
arm, and leg : area 4 is thus Fio. 407. — Diagram of Precentral Moto Cortex 

- ' _ ® , ,, ,, /AA-aw 1So.<n{-n i-n “Rurt-W ’PirOf'JtVif.Vnl 

frequently called the true 
motor cortex (p. 633). The 
pyramidal tracts are folly 
considered on p. 632. 

(2) Aeea 6. — This area mainly 
gives rise to a long descendiog 
relaying excitatory pathway sometimes called the extrapyramidal tract; (some 
of these fibres also arise in area 4). The fibres relay successively in the following 

^Res. Publ. Assoc. Res. nerv. ment. Dis., LocaLizatim of Function of Cerebral Cortex, 
1934 ; Frontal Lobes, 1948. Hines, Bid, Rev,, 1943, 18, 1. Bucy, Precenlral Motor Cortex, 
1944; 2nd edn„ 1949. Walshe, Brain, IQ42, 65, m. 


IJl iTXcUJ.. xjj. 4.»u.v/jr, 

Motor Cokex, University of IlJiaois Press, 
1944.) 

t 4 is divided into three zones : . a 

contains ** giant ’* Betz cells. 4a, contains no giant 
Betz cells. 47= area 13 (Walker). A=Bet 2 C^ln 
postcentral area. 4s —suppressor band. 8, contains 
front^ eyefield and suppressor band 8s, 
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grey masses (Fig* 4:08) putamen and globus pallidus (of lenticular nucleus) ; 
tbalamus ; hypothalamus ; nuclei of reticular formation in the dorsal 
part of the brain stem ; the last relay, the reticulospinal fibres, ends round the 
lower motor neurones. The following experiments illustrate the probable 
function of these fibres. 

(i) After destruction of the pyramidal tract, stimulation of area 6 is said 
to produce rotation movements of the head, eyes, and trunk in the opposite 
direction, and the opposite limbs carry out complex co-ordinated movements 


SUPPR. 


A i 

, A 

1 

8 f 


-A 


THAL. 


!• 1 - 

^ PALL.y 

r 


FAC. SUPPR. 

A 


I RETIC 

Inucl. 


CORT- 

SP. 


CORT- 

BULB. 


CORT- 

NUCL. 

; EYE NUCLEI 




A MOTOR CRANIAL 
A NUCLEI 


SPINAL MOTOR NEURONES 


Fia. 408. — ^Descending Pathways from Precentral Motor Cortex. 

Gort.Nacl.’« Corticonuclear fibres (firom &ontal eyefield). 

Cort.Bulb.'^corticobulbajr fibres (from ** face ** area). 

Cort.Sp. ^corticospinal fibres (pyramidal tracts). 

Suppr.= suppressor bands («.p., 4s, 8s). 

1, inbibitory *' pathway from suppressor band to reticular formation stimulating 
nuclei there. 

2, reticulospinal fibres inhibiting spinal motor neurones. Section of 1 or 2 produces 

** spasticity.” 

rac.» cortical facilitatory area (in area 6). 

8, 4, 5, descending facilitatory pathway stimulating spinal motor neurones. 

3, area 6 to globus paUidus, etc. 

4, globus pallidus, thalamus and hypothalamus, to reticular formation. 

5, reticulospinal fibres, which excite the spinal motor neurones. 

Thal»thalamus. 

Gaud.Kucl.= caudate nuclexis. 

9, fibres from cortex to thalamus. 

8, thalamo-cortioal fibres. 

9, 8, this circuit maintains resting electrocorticogram. 

6, from suppressor band to stimulate caudate nucleus. 

7, from caudate nucleus to inhibit thalamus. 

6, 7, suppresses resting electrocorticogram. 


of a flexor or extensor character. These responses may be mediated by this 
extra-p 3 n:amidal path. 

(ii) Stimulation of the hypothalamus facilitates the response to motor 
cortex stimulation. The experimental procedure is as follows : the excito- 
motor cortex is stimulated weakly to produce, say, slight flexion of the ankle 
of one hind limb. The cortical stimulus is then combined with appropriate 
hypothalamic stimulation (the latter alone is without effect on movement) ; 
the combined stimulation gives rise to movements which are more powerful 
and widespread, e.g. the response may now consist of powerful flexion of all 
the joints of the hmd limb accompanied by flexion of the fore limb (cf. Fig. 

Hypothalamic stimulation similarly facilitates the response to stimulation 
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of the medullary pyramid even after removal of the entire cerebral cortex. The 
hypothalamus thus produces its effect by means of a descending pathway to 
the lower motor neurones. 

(lii) Facilitation of the effects of pyramidal tract stimulation is also 
obtained on stimulating the thalamus and the reticular formation of the 
brain stem, in other words, any part of the facilitatory pathway detailed 
above. 

(iv) Hypothalamic stimulation may facilitate the knee-jerk (Fig. 409, B). 

(v) This facilitatory mechanism is possibly damaged in Parkinson’s 
disease; the excita- 
bility of the lower 
motor neurones 
would then be de- 
creased leading to the 
characteristic weak- 
ness and paucity of 
voluntary movement 
(p. 659). 

(3) Area 8. — The 
part of area 8 
which is mainly in 
the middle frontal 
convolution is the 
frontal eyefield which 
controls eyeball 
movements through 
its descending corti- 
conuclear tract (Fig. 

408). These fibres 
descend in the 
anterior limb of the 



internal capsule, Pig. 409. — ^Descending Facilitatory Pathways from Hypo- 

^ T> Oi. o— r 1 rt 3 /■d'uj 3 


then in the medial 
fifth of the pes pe- 


thalamus and Brain Stem to Spinal Cord. (Rhines and 
Magonn, J. Neurophyaiol., 1946, 9, 219.) 


duncuh and finally Throughout the record, stimulate motor cortex at 2 sec. intervals; 
•nnnsj dnrQfllliT- initially there is no response of the limb. 

pass uoxsany tu During descent of signal. A, stimulate hypothalamus; cortical 

supply the eye nuclei impulses are facilitated (at the ventral horn cells) and the limb 

^ contracts. (Stimulate hypothalamus alone : no effect on limb.) 

01 tne opposite Siae Throughout the record, elicit Imee-jerk at 2 sec. intervals. 

fp 637) ^ During descent of signal, B, stimulate hypothalamus The knee-jerk 

is facilitated (the response is enhanced). 

(4) Areas 8s and 

4s (Fig. 395). — These are two of the suppressor bands (p. 620). 

Two other important connections of the ezcitomotor cortex should be 
mentioned. 


(1) Cortico-Pontine Fibres. — These arise mainly in areas 4 and 6 (but 
also from the temporal, occipital, and parietal lobes) to end round the nuclei 
pontis ; the impulses are relayed via the brachium pontis to the neocerebellum 
of the opposite side. 

(2) Gortico-Thalamic Fibres. — A& from most other parts of the cortex. 


^ Another area controlling eyeball movements is found in the occipital lobe (areas 
17 and 18) {occipital eyefield). 
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fibres descend from the excitomotor area to the thalamus forming part of the 
closed circuit consisting of cortex-thalamus-cortex. 

Some of the principal descending fibres from the precentral cortex are 
shown diagrammatically in Fig. 408. 

Pyramidal Tracts, — These pass from the motor area to the spinal ventral 
horn cells and to all the motor cranial nuclei except those supplying the 
external eye muscles. The pyramidal tracts and their cells of origin constitute 
the upper motor neurone ; the spinal and cranial motor neurones constitute 
the lower motor neurone (p. 499). The pyramidal tract fibres to the spinal 
ventral horn cells constitute the corticospinal tract ; the fibres to the motor 
cranial nuclei constitute the corticohulhar tract. In man the pyramidal tract 
fibres number about one million, of which 40% are non-myelinated. The 
diameter of the myelinated fibres varies between 1 and 20 p ; the great 
majority (over 80%) are Z p ox less, only 4% are over 10 p and 2% are 11- 
20 p (Fig. 410). As the velocity of conduction in nerve fibres is directly pro- 
portional to their diameter 
(p. 492) it follows that the 
pyramidal tract is over- 
^ whelmingly a slowly con- 
ducting pathway. The 
pyramidal tracts arise from 
pyramidal shaped cells of 
aU sizes (both large and 
small) ^ situated in layer V 
of the motor area, i.e. 
area 4 ; but some of the 
fibres however arise in area 6 
(Fig. 407).2 

Course of the Pyra- 
MiUAL Tracts (Figs. 411, 
412). — The pyramidal tracts 
converge from the precentral 
cortex through the corona 
radiata to reach the internal capsule. This is a mass of white fibres lying between 
the basal ganglia, limited laterally by the lenticular nucleus and medially by the 
caudate nucleus and thalamus. In horizontal section the internal capsule is 
V-shaped, the point of the V looking medially. The pyramidal tracts lie in 
the bend [the genu], and the anterior two-thirds of the posterior limb [occipital 
part]. The fibres from before backwards are concerned with the control of 
head, shoulder, elbow, wrist, fingers, trunk, hip, knee, and toe movements in 
the order named. (It should be noted that extrapyramidal fibres, both 
excitatory and inhibitory are intermingled here with the pyramidal fibres). 
Immediately behind the pyramidal tracts lies the condensed sensory path, 
and the visual path a little farther back. More posteriorly still lie the 
auditory fibres and the temporopontine tract. In the anterior limb [frontal 
part] are found fibres from the frontal lobes mainly (and also from the 
1 The largest pyramidal cells in layer V of area 4 are called Betz cells ; they are 
most numerous in the leg area and fewest in the face area. They only number 36,000 in 
all and thus can only ^ve rise to 6% of the fibres of the corticospinal tract. 

* Some workers claim that the cortical area of origin is wider and that some of the 
pyramidal fibres arise from the parietal and temporal lobes also. 
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DIAMETER IN MICRONS 

Fig. 410. — Distribution of Diameter of Myelinated 
Fibres of Corticospinal Tract in Man. 

J. comp. Neurol., 1942, 76, 219.) 
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parietal and temporal lobes), to tbe basal ganglia, the eye nuclei (cortico- 
nuclear fibres, p. 637), and other regions of the brain stem (especially the pons). 
Obviously a small injury in this region can produce most widespread motor 
and sensory disturbances (Fig. 411). 

In the crus the pyramidal fibres lie ventral to the substantia nigra, occupy- 
ing the middle three-fifths of this region. [The medial fifth carries the cortico- 
nuclear and frontopontine, and the lateral fifth the temporopontine, fibres.] 
In the 'pons the pyramidal fibres are broken up into a series of scattered 
bundles by the nuclei pontis and the crossing fibres of the brachium pontis. 
Stimulation of the cut surface of the crus and pons in the ape shows 
that there is well-marked localization of the pyramidal fibres for differeni 
parts of the body (Fig. 412, I). From 
without inwards the order of the fibres 
is foot, hip and knees, abdomen and 
chest, fingers and wrist, face and tongue. . 

Throughout the brain stem, the corticobulhar • L^'GL.P. 

fibres are crossing to reach the motor 
cranial nuclei of the opposite side. In 
the medulla the corticospinal fibres reunite 
to form a compact ventrally projecting 
mass, the pyramid. The pyramidal tracts 
were so named because they were recognized 
as the tract in the pyramid (and not be- 
cause they arise in pyramidal shaped cells 
in the cerebral oortez). In the lower 
part of the medulla, the main pyramidal 
decussation takes place (Fig. 412, III). 

Most of the fibres cross over to the 
opposite side and dorsally, to come to 
lie in the lateral columns of the spinal 
cord as the crossed pyramidal [lateral 
corticospinal] tract. Some (about 15% 
of the fibres) stay on their own side and 
in their original position and continue 
into the cord close to the anterior 
median fissure as the direct pyramidal 
[anterior corticospinal] tract (Fig. 412, IV). The crossed fibres ultimately 
connect directly and via dorsal interneurones with ventral horn cells. 

The direct pyramidal fibres are of some practical significance as they may 
be responsible in part for recovery of function after injury to the crossed 
pyramidal fibres ; the direct pyramidal fibres do not as a rule extend beyond 
the lower cervical or midthoracic region. The pyramidal fibres finally end 
round short internuncial neurones (situated in the dorsal grey matter of 
the spinal cord) from which the impulses are relayed to the ventral horn 
cells 

Effects of Stimulating Motor Area. 1. Results in Apes.^— In the 
apes the motor area occupies the whole length of the precentral convolution ; 
it extends backwards into the fissure of Rolando [sulcus centralis] (about 
one-third of the excitomotor area is “ buried ” in the fissure), but never 
Sherrington and Leyton, Quart, J, exp. Physiol,, 1917, 11, 135. 



-—Sensation 

I Vision 

• Auditory 

Fig. 411. — Horizontal Section 
Through the Base of the Brain to 
Show the Basal Ganglia and the 
Internal Capsule (Diagrammatic). 

M.L. *-Mlddle line ; Pyr.*«P3Tamidal tract 
O.lf. >» Caudate nucleus; Th. »*■ 
Thalamus ; Th.F. Tlialamo-&ontal 

tract; ^.P. —Fronto^ntine and Cortict- 
nuclear fibres ; Iratam. » Putamen ; 
Q1.P.<=» Globus pallidus; LJT. »= Lenticu- 
lar nucleus ; T,P.=Temporo-pontine 
fibres. 
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on to the postcentral convolution. At its upper edge it extends down on 
to the medial surface of the hemisphere. Its anterior limit is variable and 
frequently indefinite ; it may cross into the superior and inferior precentral 
fissures (Fig. 413). (In the ape, at least, it seems that the motor area does 
not correspond precisely to area 4.) 

Electrical stimulation of this region gives rise to coordinated movements 




on the opposite side of the body. The 
law of reciprocal innervation holds good 
here : the antagonists relax simultane- 
ously with the contraction of the 
protagonists. There are well-defined 
areas in the cortex which give rise to 
specific movements which are restricted 
to narrowly limited parts of the 
body ; such restricted movements are 
often called “ discrete ” movements. 
Generally speaking, the body is re- 
presented upside down in the cortex, 
i,e. if stimulation is carried out in the 
excitomotor area from below upwards, 
bodily movements are produced in the 
following order : larynx, tongue, jaw, 
mouth, nose, eyelid, ear, neck, hand, 
wrist, elbow, shoulder, chest, abdomen, 
hip, Imee, ankle, toes, perineal muscles. 
The hand is the part of the arm 


Fig. 412. — Course of Pyramidal Tracts 
in Ape. (After Leyton and Sherring- 
ton, Quart. J, exp. Physiol., 1917, 
77 .) 

I. Midbrain. 

II. Pons. 

III. Medulla (at level of decussation of pyramidal 

tracts). 

rv. Spinal Cord (cervical region). 

I. Stimulation of the points 5, 4, 3, 2, 1 in the 

midbrain gave rise to movements in the 
opposite side of face, neck, arm, trunk and 
leg respectively. 

II. Stimulation of the points F, A, L, in pons 

produced movements in the opposite side of 
face, arm and leg respectively. 

III. IV. To produce these sections, the motor cortex 

on the left side was exposed. The arm area 
was demarcated by stimulation and then 
excised. Time was given for the pyramidal 
“ arm " fibres to degenerate. The animal 
was killed and sections of medulla and spinal 
cord were cut and stained by Marchi's 
method. 

III. Note that the degenerate “ arm ” fibres are 
scattered throughout the pyramid in the 
medulla and are not topographically local- 
ized. Note also the beginning of the 
pyramidal decussation. 

VI. Note that most of the pyramidal fibres have 
crossed to the opposite side (O.P.T.= crossed 
pyramidal tract) ; some remain ventrally on 
their original side (B.P.T.xa direct pyramidal 
tract) ; a few fibres pass back to the lateral 
column of the original side. 
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wMch follows immediately oa^ the face ; this may perhaps be remembered 
by considering the close relation of the hand to the face in the taking of 
food. The hip foUows immediately on the abdomen. The toes and the 
perineum are associated together on the highest part of the precentral gyrus 
and extend on the medial surface of the hemisphere. 

The situation of these so-called “ centres ’’ (or “ motor points ”) for specific 
movements is not rigidly fixed anatomically. There is a variation in the 
distribution of the “ centres concerned with movement of specific parts 
both in different individuals of the same species and in the two hemispheres 
of the same individual. Furthermore, the response obtained from any cortical 
“ motor point ” is modified by the previous excitation history of that point or 
of neighbouring or even of distant areas. Repetition of a stimulus may give a 
larger response than on the first occasion (facilitation) ; or the response may 
be found to be reversed, i,e. the point which previously gave rise to flexion 
may now give rise to extension; or there may be deviation of the response, i.e. 
a movement is obtained 
from a different part of 
the body than on the 
former occasion. On 
the other hand, following 
stimulation of a motor 
point its excitability 
may diminish, reaching 
its minimum after seconds 
or minutes. These results 
indicate clearly that the 
motor areas possess a 
functional flexibility and 
that they are readily 
influenced by what is 
going on around them, 
probably because of the 
enormous wealth of neural 
associations between 
different regions. Prolonged faradization of any spot may ^ve rise to wide- 
spread epileptiform convulsions (of. p. 627). Cortical excitability is depressed 
by aoidsemia and enhanced by a bout of overventilation (cf. p. 408). 

Some further details may now be given : (i) Tongue : The deviation of 
the tongue may be to the same or the opposite side, and all kinds of complex 
contortions may be produced, (ii) Jaws : When the symphysis is split the 
response is maimy contralateral, (iii) Vocal Cords : The response is bilateral 
to some extent, (iv) The only eye movement represented in the ascending 
frontal convolution is eyelid closure, (v) Hand : The thumb is represented 
lowest in the hand area and the fingers Idghest, Isolated responses may be 
obtained from the thumb or the index finger ; occasionally the thumb and index 
respond together as, for instance, by abduction of the thumb and extension 
of the index to produce a kind of “ let-go ” movement. In the case of other 
digits isolated movements are rare, (vi) Leg : The leg centres are more 
commingled than the arm centres, (vii) Anus : Anal protrusion is usually 
symmetrical, but sometimes even this movement may be mainly contralateral. 



Fig. 413. — ^Diagram of Outer Surface of Cerebral Cortex 
of the ChSupanzee to show the Arrangement of the 
Motor Centres. (After Sherrington.) 
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Stimulation of a motor point is not identical with stimulating the cells of 
origin of the pyramidal tract ; the whole depth of the grey matter in the 
vicinity of the motor point may be stimulated, including the four layers 

external to layer V, layers which can be regarded 
as massed internuncial neurones which receive 
impulses from adjacent and more distant areas 
of the cerebral cortex and from lower levels, 
e,g, the cerebellum. The wealth of the con- 
nections within any cortical area and between 
cortical areas is emphasized in Pig. 396 and on 
p. 616. The varying activity of this internuncial 
background will largely determine, in the case 
of any stimulation experiment, wliich cells of 
layer V discharge, which pyramidal tract fibres 
convey impulses and consequently which lower 
motor neurones are activated. It is readily 
understandable that the results of cortical 
stimulation may vary with the “previous 
history ” of the cerebral cortex ; in fact, it is 
surprising that approximately similar movement- 
patterns result from cortical stimulation at 
regular intervals. It must also be remembered 
that the corticospinal tracts do not end directly 
roxmd ventral horn cells, but connect mainly 
with those dorsal horn internuncials which 
also receive many connections from incoming 
dorsal nerve roots. The effects produced by 
corticospinal impulses in this spinal cord region 
will depend largely on the “ background 
activity” induced in it by afferent impulses 
from muscles and skin. In view of the relative 
crudity of the experimental conditions it 
becomes a matter for wonder that the 
stimulation of motor points produces move- 
ments which are so well co-ordinated, display 
perfect reciprocal innervation and, as mentioned 
below, are so suggestive of “ fragments ” of 
voluntary movement. 

„ An enormous variety of responses can be 

Obtained from stimidation of the excitomotor 
Position and Size of the Motor area in the ape. Sherrington, for example, has 
Areas for the different parts recorded more than four hundred types of 
Sf /m (After movement-pattern produced in this way. It 

space^^oiy oneLnf'^’^e is important to emphasize that though the move- 
trunk, and one leg are shown.) Daents thus obtained are perfectly co-ordinated 

they are not in themselves complete acts which 
could effectively fulfil some set purpose; rather are they fragmentary or frac- 
tional in nature, or unitary components of a larger and more complex whole. Their 
functionally incomplete character is most readily detected in the unilateral 
nature of the response even in parts where the two sides invariably work 
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together, e,g. the jaws, the vocal cords or (most convincingly) the anus. The 
fact that under natural conditions the movements of these parts are invariably 
symmetrical and bilateral proves that the motor cortices on the two sides 
of the brain are very closely linked together. As the movement-fraction 
represented by each motor point is so small, the motor cortex is endowed 
with great flexibility because these motor points can be combined together 
in an imm ense variety of permutations and combinations to carry out almost 
an infinite variety of purposive acts. A useful analogy can be drawn between 
this feature of the motor points and the amino-acids which are supplied to 
the tissues ; a relatively small number of chemical units can similarly be 
built up into an infinite variety of specific proteins. 

2. Results in Man.^ — In patients under local anaesthesia, stimulation of 
the motor area elicits responses closely resembling those described for 
the ape, i,e, discrete isolated movements (on the opposite side) of a single 
segment of an extremity or a single part of the trunk or head. The cortical 
representation is arranged as in the ape, except that separate foci exist for 
each of the fingers, and these occupy a relatively large area. The focus for 
the thumb is most inferior, and that for the fifth finger most superior. Stimu- 
lation of the points controUing the upper part of the face, the pharyi^, the 
vocal cords, and the muscles for closing the jaws, usually gives bilateral 
reactions. Stimulation of the neck area usually causes the head to turn to 
the opposite side. Electrical stimulation of the most inferior part of the 
precentral gyrus produces rhythmic co-ordinated movements of the lijts, 
tongue^ mandible, larynx, and pharynx. Epileptic attacks beginning in this 
area commence with the same type of movement — chewing, Hcldng, swallow- 
ing, and grunting. Fig. 414 shows in very striking fashion the relative position 
and size of the motor areas for different parts of the body in man. 

Jacksonian Fit, — A fit which arises in a localized part of the cortex is 
known after Hughlings Jackson as a “ Jacksonian fit.*’ If the fit spreads it 
will involve successively regions of the body supplied by related parts of the 
affected cortical area. Thus a fit beginning in the thumb will spread via the 
wrist, elbow, and shoulder, to the trunk, and via the neck to the face 
(cf. Fig. 413). 

Effects of Stimulating Cortical Eyefields (Fig. 407). — These are found 
mainly in the middle frontal convolution in area 8 [fronial eyefiMf and 
in the occipital lobe in areas 17 and 18 (occipital eyefield). The response 
usually involves both eyes and the movement most commonly obtained is 
a conjugate deviation of the eyes to the opposite side, e,g, stimulation of the 
left cortex causes both eyeballs to move to the right (Fig. 416).^ This move- 
ment may be accompanied by downward and upward deviation; very 
rarely convergence of the eyes may be observed. Eye-opening is also associ- 
ated with this region. Autonomic responses affecting the eyes may also be 
elicited, e,g, dilatation of the pupils, secretion of tears. 

Stimulation of the siocth nucleus also causes conjugate deviation of both 
eyes — ^this time to the side of the stimulated nucleus ; e,g, stimulation of the 
right sixth nucleus causes conjugate deviation of both eyes to the right owing 
to the simultaneous contraction of the right lateral rectus and the left medial 

^ Penfield and Rasmussen, Gerebred Cortex of Man, N.Y., 1950. 

* In TWftim , eyeball movements often result also ffom stimulating points in the pre- 
ceutraJ gyrus itself. 
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rectus. The exact innervation of the medial rectus is uncertain. It is 
suggested that internuncial fibres establish connection between the (right) 
sixth nucleus and the (right) third nucleus (Kg. 416), whence fibres pass 
(perhaps via the opposite third nucleus) to the opposite (left) third nerve 
and thence to the opposite (left) medial rectus. 

The conjugate deviation commonly resulting from stimulating the frontal 
eyefield can now be explained. The (left) cortico-nuclear fibres cross the 
midline in the midbrain to supply the opposite (right) sixth nucleus which is 


A A 



n ^ F?®' Cortical Control of Lateral Movements of the Eyeballs. 

rectus muscles; 3,6: Srd and 6th nerves. : 
excitation or inhibition of nucleus. The diagram has been simoUhed and shows the third nucleus 
directly supplying the contralateral medial reftus. (OiaSnVS^ 


stimulated with resulting contraction of the (right) lateral rectus ; via the 
internnncials between the (right) sixth and third nucleus, the left third 
nucleus, and the feyi! third nerve, the left medial rectus is stimulated. 

Irritative lesions of the frontal eyefield or of the sixth nucleus in man 
produce results Hke those of experimental stimulation, in apes. A destructive 
lesion of the (say, right) sixth nucleus leaves the opposite (left) sixth nucleus 
^opposed^ and produces, as expected, conjugate deviation of both eyes away 
from the side of the lesion (i.e. to the left). 

Rbcipkocal Innervation. — Sherrington has demonstrated that the law 
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of reciprocal innervation whicli applies to reflex action (p. 545), voluntary 
movements (p. 649), and movements elicited from stimulating tte motor 
area (p. 634), also applies to tlie cortical control of lateral movements of 
the eyeballs ; Le. the impulses from the frontal eyefield that stimulate the 
contralateral sixth nucleus reciprocally inhibit the ipsilateral sixth nucleus, 
this latter inhibition being an integral part of the total response (Fig. 415). 
The experiment is carried out as foUows : 

In the monkey, if all the nerves supplying the muscles of the eye are 
cut, the tension of the connections of the eyeball keeps the globes parallel. 
Cut the third and fourth nerves of the left eye. The only nerve left intact 
is the sixth, and naturally the eye rotates outwards from the unopposed 
action of the lateral rectus (Fig. 416, B). Expose the frontal lobes on the 
left side, i.e. on the same side as the eye operated on. Stimulation of the left 
frontal eyefield produces contraction of the right lateral rectus and of the left 
medial rectus. In the left eye the medial rectus cannot contract, because 
the nerve carrying its motor fibres (third) has been cut. It is obvious that the 
medial and lateral recti are antagonistic muscles, and that if one were 
stimulated the other should be inhibited. In the case of the left eye, as the 
motor cells supplying the medial rectus are stimulated from the cortex, the 
cells innervating the lateral rectus should be inhibited. This is exactly what 
happens. The lateral rectus relaxes, and the left eye moves to the middle 
line (Fig. 416, C). Note that in this experiment the antagonist centre has been 
inhibited (i.e. the cells supplying the lateral rectus) although no contraction 
of the protagonist (medial rectus) has actually taken place (because the nerve 
to it was cut). The pattern of reciprocal innervation in this case thus depends 
on appropriate impulses coming down to the cranial nuclei from the cerebral 
cortex. 

Results of Destruction of Motor Area or Pyramidal Tracts. — 
(1) Extirpation op Motob Abeas. — Sherrington carried out careful extirpa- 
tion experiments in apes. The left motor cortex was exposed and the arm 
area demarcated by electrical stimulation. The region yielding primary 
movements of fingers, wrist, and elbow was excised. A few hours later the 
opposite (right) arm showed drooping of the wrist, weakness of the elbow, 
and to a less extent of the shoulder ; no movement was possible in the fingers. 
One month later good recovery of most arm movements had occurred, but 
there was lasting decrease in ike shill with which the fingers could he used. The 
operation area was re-exposed, but on electrical stimulation it yielded no 
response. A little more of the adjacent cortex was excised ; some transient 
weakness of the shoulder developed, but the distal part of the limb was 
unaffected. Some months later the opposite (right) arm area was excised ; 
this had no appreciable effect on the originally paralysed (right) arm. 

(2) Section op Pyramidal Tracts. — ^Removal of the arm area destroys 
the cells of origin not only of the corticospinal fibres but of many extra- 
pyramidal fibres also. To determine the idle of the pyramidal tracts alone, 
the tracts must be cut at a level where they are not commingled with other 
descending tracts which subserve other functions. The medullary pjrramid 
may possibly consist almost exclusively of corticospinal fibres ; should this 
view prove correct then section of the medullary pyramid produces the un- 
complicated results of loss of pyramidal tract function. 

(i) Effects on Movement. — In rhesus monkeys unilateral section of the 
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A* Stimulate Left Frontal Eyefield 



A 



B* Cut Left 3^^ & 4^*^ Nerves 



C* Stimulate Left Frontal Eyefield 


Fig. 416.— Sheirington’s Demonstration of Reciprocal Innervation of Eye Muscles. 

t‘ ftontal eyefield conjugate deviaaou of both eyes to the right. 

B. Out left third and fourth nerves; deviation of left eye to left. 
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medullary pyramid produces disturbances of movement closely resembling 
those resulting from extirpation of the motor area. Thus there is marked 
weakness (not complete paralysis) of the opposite arm and leg ; the hand is 
most gravely affected, discrete movements of the fingers being lost. Simpler 
movements persist, e.g. striking, kicking, scratching, reaching, grasping, 
walking, turning the body towards external objects ; but these movements, 
also, are less easily and accurately performed ; they seem to involve great 
effort, are weak and tremulous, fatigue readily, and are accompanied by signs 
of great “ irritation ” on the part of the am'mal. The sjmiptoms persist 
unchanged for years. 

(ii) Effects on Tone and Reflexes, — There is a decrease in muscle tone in 
the limbs (tone in the back, neck, and thorax is decreased very little). The 
deep reflexes are slow but not decreased in size. The superficial reflexes 
[e.g, abdominal, cremasteric) are abolished at first ; later they return but 
are difficult to elicit, sluggish and weak. 

Similar changes in tone, reflexes, and movement result from section of 
the crossed pyramidal tract in the lateral column of the spiual cord. 

A sharp contrast thus exists between the decreased muscle tone and reflexes 
following allegedly fure section of the pyramidal tract and the spasticity and 
exaggerated reflexes following extirpation of the suppressor band is (p. 624), or 
clinical lesions of the pyramidal tract (p. 642). 

In the chimpanzee, two ‘‘ release ” phenomena develop after section of 
the medullary pyramid : (a) the Bahinshi plantar response makes its appearance 
(cf. p. 645) ; (b) the proprioceptive grasp^ reflex can now be obtained : if an 
object is firmly pressed into the palm, it is reflexly grasped. 

R61e of Pyramidal Tracts in Voluntary Movement. — The two out- 
standing facts described : (i) that artificial stimulation of motor points 
produces movements which resemble fragments of a voluntary movement, 
and (ii) that impairment or loss of voluntary movements results from extirpa- 
tion of the motor cortex or section of the pyramidal tracts, indicate that the 
pyramidal tract is a path which is employed in voluntary movement and in 
fact is indispensable for the performance of certain types of movement. 
This statement does not mean that the motor cortex initiates voluntary 
movements. The pyramidal tracts may be regarded as a long internuncial 
pathway, linking the great afferent pathways which end in the cerebral 
cortex (especially those from the ‘‘ distance receptors ” (eyes, ears), and from 
the muscles (directly and via the cerebellum) with the lower motor neurones 
(cranial and spinal). The regulation of the discharge of the motor cortex to 
produce effective purposive movements, correctly ordered in space and 
time,” is a matter which is ill understood ; it is considered, however, on 
pp. 646 et seq. 

Clinical Lesions of the Pyramidal Tracts. — In the past the signi- 
ficance of the multiplicity of the descending pathways from the cerebral 
cortex was not fully recognized nor was the fact that throughout most of 
its course the pyramidal tract is commingled with other descending tracts. 
In man, injury to the pyramidal tract in the brain gives rise to weakness 
or paralysis on the opposite side of the body ; the condition is called hemiplegia. 
The symptoms and signs in any individual case depend on the severity of 
the lesion, whether it is acute or chronic, and on the extent to which the 
other descending (extrapyramidal) pathways are involved. In view of the 
21 
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experimental evidence presented above, the disturbances of voluntary move- 
ment which occur in hemiplegia are attributed to loss of the pyramidal 
influence. Commonly the changes in tone and reflexes in these patients 
resemble those resulting from extirpation of area 4s in animals ; these changes 
in man are explained on similar lines, t.e. they are attributed to injury to the 
descending inhibitory (extrapyramidal) pathway. As might be expected, 
there is no constant relationship between the severity of loss of willed move- 
ments and the degree of hypertonus present. 

Hemiplegia. — 1. Acute Lesions in Man. — An acute lesion in the internal 
capsule, where the pyramidal tracts are condensed in a small area, produces 
initially a stage of shock in which all the muscles of the opposite side are 
toneless and in which no reflex movements can be elicited ; in these respects, 
the condition resembles spinal shock (p. 690). These findings again emphasize 
the degree to which the higher levels of the nervous system participate in 
so-called spinal and brain stem reflexes. Some weeks later reflex activities 
return to the affected side of the body, showing that such reflexes can be 
mediated by the isolated lower levels. A period of ‘‘ adjustment,*' however, 
has been necessary, indicating that the lower and higher nervous levels are 
normally closely integrated to function as a co-ordinated whole. 

The paralysis on the affected side affects voluntary movements of the 
face, leg, and arm; Movements which usually involve both sides of the body, 
e,g. those of respiration, movements of the back, and abdominal wall, are 
generally retained; it would seem that one pyramidal tract can control 
the lower motor nuclei supplying the muscles concerned, on both sides. If 
the cortico-nuclear fibres escape injury, eyeball movements persist. Emotional 
movements remain intact ; frequently they are elicited very readily and are 
exaggerated in character. This last finding demonstrates two points : (i) emo- 
tional movements are mediated by non-pycamidal pathways and are inhibited 
by the ^pyramidal tract ; (ii) the paralysis in pyramidal lesions is one of move- 
ments and not of muscles. Thus the patient cannot voluntarily wr inkl e up 
his forehead, frown or whistle, but the muscles concerned in these acts are 
employed perfectly efidciently when the patient's face exteriorizes pleasure, 
surprise, or annoyance (cf. p. 663). 

2. Stage of Recovery. Chronic Lesions. — As the stage of shock 
passes away, or in chronic lesions, the clinical picture as explained is that of 
paralysis and disturbances of tone and reflexes. The common clinical 
syndrome which is described below is attributable to a combined lesion of the 
'pyramidal tract and the descending inhibitory path from the suppressor bard 4:S. 

(1) Muscle Tone and Postukb. — ^Muscle tone is abnormal in distribution 
and excessive in degree in certain muscles, i.e. the limbs are placed in an 
abnormal position and tend to be fix:ed there ; to this latter feature the term 
spasticity is applied. The upper limb, instead of lying at the side in the 
customary way, is adducted at the shoulder, the elbow is semi-flexed, the 
forearm is pronated, and the wrist and fingers are flexed. The limb is in- 
voluntarily maintained in this unnatural position indefinitely without 
fatigue ; it can only be moved passively with difi&culty. The hg is adducted, 
extended at the knee and physiologically extended at the ankle (anatomical 
plantar flexion).^ The muscles do not waste ^eatly, because though not used 
in voluntary movement they are continuously in action to maintain the posture 

1 Cf. Fig. 372, p. 691. 



HEMIPLEGIA 


64S 

described ; the electrical responses are normal. Lesions of the dorsal nerve 
roots aboKsh the spasticity and the muscles become flaccid. 

The limbs show the shortening and lengthening reaction. The latter is 
demonstrated as follows : K one attempts to flex the knee (with the patient 
supine) the initial of flexion can be carried out without much diffiiculty ; 

beyond this point marked resistance is encountered, because the stretching 
force applied to the quadriceps elicits a reflex contraction (of. p. 558) ; if 
great force is applied, the quadriceps suddenly relaxes, and the knee rapidly 
passes into the flexed position — ^this is the lengthening reaction set up by 
excessive stretch which stimulates the self-inhibiting afferents in the muscle 
(cf. p. 586). The lengthening reaction is described by the clinician as clasjp- 
knife rigidity, 

(2) Associated Eeaotions.^ — This term is used to describe certain move- 
ments which can be reflexly aroused on the affected side by such ‘‘ semi- 
involuntary ” movements as yawning and stretching and by any forceful 

A B 




Fig. 417. — ^Knee-jerk ia Normal Man and after Lesion of Pyramidal Tract. 

The signal (v^ical line above) indicates the application of the stretch stimulns which produces a sudden 
depression of the leg as indicated by the initial descent of the record. Time in 0.01 sec. 

A. Normal response. Note sharp ascent, plateau, and more gradual but smooth descent. 

B. Knee-jerk following pyramidal lesion. The characteristic feature is the much slower relaxation which 

shows a “ hump ’^on its course. (Blake-Pritdiard and Walshe, Lanctit 1929.) 

sustained voluntary muscular contraction on the normal side ; the responses 
are modified by the position of the head relative to the trunk, i,e. by neck 
reflexes. Thus* in the standing hemiplegic subject, looking straight aheady 
when the normal fist is clenched, the spastic arm moves slowly into increased 
flexion at elbow, wrist, and digits. If the procedure is repeated with the 
head rotated towards the hemiflegic side, the spastic arm moves into extension 
and abduction, the fist remaining closed. Repeat the procedure again with 
the head rotated towards the sound side : the spastic arm moves into increased 
adduction and flexion. In other words, the jaw Hmbs extend and the vertex 
limbs flex. In some cases, active rotation of the head against resistance is 
sufficient to induce similar postural changes in the spastic limb. 

. (3) Deep Reflexes. — The deep {i,e, tendon) reflexes are modified in a 
characteristic way. The ones commonly elicited are the knee-jerk and ankle- 
jerk in the lower limb, and the triceps and supinator jerk in the upper limb. 
The deep reflexes are simply fractionated stretch reflexes, and their general 
characteristics can be studied in the case of the human knee-jerk. 

1 Usually referred to clinically as associated movements. 
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Knee-jerk. — With the knee supported in the flexed position, the patellar 
tendon is sharply tapped ; the muscle is stretched, appropriate sensory nerve 
endings are stimulated (muscle spindles, tendon organs) and impulses pass 
up into the third and fourth lumbar dorsal nerve roots to enter the spinal 
cord and end directly round ventral horn cells. Efferent impulses pass out 
in the lumbar ventral nerve roots to produce contraction of the quadriceps 
extensor and at the same time reciprocal inhibition of the antagonistic ham- 
strings takes place. The knee-jerk is abolished when any part of this reflex 
arc is destroyed. It should be borne in mind then when we studied the 
stretch reflexes experimentally we were dealing with sustained stretch of 
muscles which were contracting isometrically ; in the case of the human 
deep reflexes we are observing the response to a transient stretch of a muscle 
contracting isotonically. A graphic record of the normal knee-jerk shows 
that there is a brisk contraction followed by a plateau and a gradual relaxation 
(Fig. 417, A) ; the leg falls slowly and deliberately back to its original position. 
The ratio of the rise to the fall may be 1 to 2. The delayed relaxation (or 
persistent contraction) is due partly to after-discharge (cf. p. 539) of the 
ventral horn cells and partly to an appended shortening reaction (cf. p. 586 
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Fig. 418. — Clonic Response of Quadriceps to Stretch. 

Electrical (e) and Mechanical (?w) Eecords. Clonic response of quadriceps muscle (at 13 a second) elicited 
by attaching the muscle to an isotonic lever weighing one kg., and so subjecting it to stretch. 
Note the rhythmic character of the electrical record. (Sherrington and others, Reflex Activity of 
the Spinal Cord^ 1932.) 


and Fig. 369), i.e. as the knee begins to flex again the quadriceps is subjected 
to renewed stretch and responds by partial contraction. 

The deep reflexes like the stretch reflexes vary with the degree of muscle 
tone initially present and with the amount of nervous system which is intact. 
In hemiplegia there is commonly increased extensor tone. ^ The knee-jerk 
(like the other deep reflexes) is exaggerated, and what is even more charac- 
teristic, it is more sustained, i.e. relaxation is still further prolonged (Fig. 417, 
B). Not infrequently there is a secondary contraction or ‘‘hump ’’ during 
relaxation. 

Ankle clonus is often present, and is also due to the state of heightened 
muscle tone. When the ankle is forcibly dorsiflexed, rhythmic movements of 
dorsiflexion and plantar flexion take place at the ankle-joint. Owing to the 
increased tone of the posterior calf muscles, stretching of the fibres sets up 
not a simple reflex contraction or ankle- jerk, but a rhythmic series of con- 
tractions or clonus. In animal experiments also it is sometimes found 
that stretch of a muscle contracting isotonically will elicit a rhythmic response 
instead of the usual sustained contraction (Fig. 418). This is doubtless due 
to a synchronous (instead of the more usual asynchronous) discharge of 
the ventral horn cells, leading to a tremulous partial tetanus (cf. p. 501). 
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Sometimes a clonic response is obtained on tapping the patellar tendon 
{'patellar clonus). 

The changes in muscle tone, posture, and deep reflexes described above 
must, in view of the experimental evidence, be attributed not to a lesion of 
the pyramidal (^.e. corticospinal) tract, but to interruption of the inhibitory 
fibres from the suppressor areas (mainly 4s) to the nuclei of the reticular 
formation in the brain stem and thence to the spinal cord. The changes 
described represent a series of “ positive ” release phenomena ; i.e. removal 
of the cortical inhibitory influence releases lower levels to display their 
inherent pattern of activity. The resemblances between the changes in tone 
and reflexes in human hemiplegia and in decerebrate rigidity in the cat are 
obvious ; the only notable difference is in the posture of the fore hmbs (arm 
in the case of the human hemiplegic). The amount of cerebral damage 
needed to produce the so-called spasticity ” in man and the equivalent, 
so-called ‘‘ rigidity ’’ in the cat differs in the two species ; in the cat all the 
brain must be cut off above the mid-coilicular level (in the midbrain) ; in 
man a lesion of the cortical inhibitory pathway sparing the rest of the nervous 
system is probably adequate. 

(4) Superficial Reflexes. — The superficial reflexes commonly tested 
for are : 

(i) Abdominal : stroking the skin of the abdomen produces contraction 
of the underlying muscle. 

(ii) Cremasteric : stroking the inner side of the thigh results in the testis 
being retracted towards the inguinal canal. 

(iii) Plantar : stroking the sole of the foot produces a downward move- 
ment (plantar-flexion) of the great toe and the small toes. 

AU the superficial reflexes are lost on the affected side in cases of hemiplegia. 
As these reflexes are also lost when the medullary pyramid is cut, they are 
mediated by the pyramidal tract ; thus their loss in hemiplegia is due to the 
injury to the pyramidal tract. 

(iv) Bahinshi response : in hemiplegia an abnormal reflex can be elicited 
from the sole of the foot, different in every respect from the usual plantar 
response. The stimulus employed must be nocuous or painful, e.g. firm scratch- 
ing with the finger-nail. The reflex can be elicited from a fairly wide area, 
from the calf, the thigh, and even as high as the groin ; it consists first of an 
upward movement (dorsiflexion) of the great toe and fanning out of the small 
toes. The anatomists misleadingly call dorsiflexion of the great toe “ exten- 
sion.’’ The abnormal toe response is therefore sometimes caUed the “ extensor 
response ” ; this term should not be used and the response should be described 
(after its discoverer) as the Babinski sign or the BabinsH respo^e. The 
BabinsM response is a ‘‘ fraction ” of a released spinal flexor or withdrawal 
reflex. Thus, in some cases of hemiplegia, nocuous stimulation of the sole 
of the foot produces a reaction extending far beyond the toes ; there may 
be dorsiflexion (upward movement) of the ankle, flexion of the knee and 
even flexion of the hip. The more extensive reaction is identical in every 
way with the spinal flexor reflex (p. 692). The Babinski response is obviously 
a release phenomenon ; as it appears experimentally after section of the 
medullary pyramid its occurrence in man must be attributed to a lesion of 
the pjrramidal tract. 

(5) Disturbances in Voluntary Movement.— In a recovering case of 
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hemiplegia, considerable improvement occurs in the leg and the patient may 
walk about with little more disturbance than a slight limp ; a good deal 
of power returns to the arm and face. The incidence of 'permanent loss of 
movement, in order of severity, is as follows : movements of the hands and 
especially the digits ; extension of wrist ; supination of the forearm ; 
abduction and elevation of the upper arm ; dorsiflexion of the foot and 
toes ; flexion of the proximal leg joints. The recovery may be attributed 
to restoration of function to temporarily damaged pyramidal fibres or to 
the more effective use of extrapyramidal pathways arising in the cortex.^ 
Walshe has analysed carefully the loss of movement in the arm and hand 
in progressively developing hemiplegia. Paresis first appears in the movements 
of the hand and digits and spreads so as to involve the proximal part of the 
limb. The first movements to disappear are those in which the interossei, 
lumbricales, and the flexors and opposers of the thumb are involved. Abduc- 
tion and extension of the fingers are affected before adduction. Certain 
combinations of movements disappear, as is well shown by asking the patient 
to touch each finger-tip in succession with the tip of the thumb ; there is a 
stage in the development of the hemiplegia in which, while each digit can 
be flexed, the necessary movements of adduction and apposition are lost 
and the thumb and finger-tips are not effectively approximated “ but flex 
futilely into the palm.” The limb is progressively ‘‘ denuded of movements ” 
and therefore of movement combinations ; as the number of retained move- 
ments dwindles, the surviving patterns of motion are simple and few, and 
qualify for the term ‘‘ stereotyped movements.” 

Bilateral Pyramidal Lesions. — ^Bilateral section of the medullary 
pyramids in monkeys produces complete motor helplessness. Extensive 
bilateral lesions in man may likewise produce loss of all movements in the 
affected parts. Thus, in a patient in whom the pyramidal fibres controlling 
movements of head, neck, and thorax were bilaterally destroyed, all voluntary 
movements of the facial muscles were lost ; biting, swallowing, elevation of 
the palate and laryngeal movements could not be carried out. Although 
automatic rhythmic breathing continued, forced inspiration or expiration 
or voluntary coughing could no longer be carried out. Emotional exterioriza- 
tion 'was vigorous and was produced at the slightest provocation (cf. p. 663). , 
The r61e of the pyramidal system in willed movements is considered 
further below. 

GENEEAL SURVEY OF VOLUNTARY MOVEMENT. SPEECH 

Voluntary Movements.^ — Physiological knowledge is still insufficient to 
enable us to describe in detail what happens in the central nervous system 
during the execution of a voluntary movement. To give only one example, 
the efferent pathways arising from the precentral cortex are so complex 
(Fig. 408) that it is hard to conceive how their activities are harmoniously 
co-ordinated to produce efficient muscular action. There is no doubt that 
voluntary movements are impaired whenever there is an interruption of the 
afferent channels to the brain, especially those from the sense organs (pro- 
1 Of., however, Lassek, Brain, 1960, 73, 95. 

® Beevor, Croonian Lectures (for 1903} on Muscular Movements, London, 1904 ; new 
edn., 1951. Wilson, Lancet, 1926, ii, 1 e/ seq. 
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prioceptive from the muscles and labyrinth and from the cerebeUmn, extero- 
ceptive from the skin and eyes). What happens between the arrival of the 
impulses in the receptor areas of the cortex and the discharge of efferent 
impulses from the precentral motor cortex is unknown, and therefore much 
written about.^ The process of learning, by which movements which are 
initially executed clumsily and with difiBlculty become ultimately skilful and 
easy, has not yet been accounted for in physiological terms ; nor is anything 
known about the relationship between the mind or will and the brain. Some 
physiologists use the word brain as though it were synonymous with mind ; 
such usage is confusing. Other physiologists try to avoid using the concept 
of mind altogether ; such timidity does not promote clarity of thought or 
exposition. 

Voluntary movements are voluntary in their aim, not in their meaifis, For 



Fig. 419. — ^Musole Action Potentials dniing Voluntary Movement. 


Action potentials (recorded with concentric needle electrodes) in the first dorsal interosseous muscle 
The motor unit potentials are triphasic as is not uncommonly the case. Kecords are continuous 
from left to right and from above downwards. Time, 20 m.sec. 

A. Commencing contraction potentials are at low frequency. 

B. Frequency increasing. 

C. Additional motor units come into action. 

D. E. Discharge frequency of active units rises. 

simple experimental and clinical tests, the aim is usually a displacement of 
joints or of segments of the body in a certain direction and to a certain 
extent ; the subject is told to clench the fist, flex the elbow, extend the Imee 
and the like. He and we judge by inspection, how well he has succeeded in 
carrjdng out the instructions. The subject is not consciously concerned with 
the events in the nervous system and muscles which cause the movement ; 
he wills “ bend the arm,” and it happens ; visual and proprioceptive impulses 
tell him that it has happened. In everyday activities, our aim is generally not 
directed to parts of the body but to external objects ; we cut the bread, open 
the door or kick a baU ; again we can easily judge whether we have succeeded 
or failed. 

An attempt is often made to draw a distinction between “ voluntary ” 
and “ automatic ” movements, the movement of walking frequently being 

^ It should be remembered that some oommou movements are not represented in the 
motor cortex, e.p. walking, scratching, swimming. 
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placed in the latter category. But no really hard-and-fast distinctions can 
be made. Walking is learnt by the child with difficulty, and at first requires 
constant attention. With the passage of years and increased practice it 
becomes less voluntary ’’ and more “ automatic ’’ in character, so that we 
can walk about while thinking of something quite different. It is preferable 
to grade movements into “ less or more automatic ” or ‘‘ less or more 
voluntary,” instead of attempting to divide them sharply into voluntary 
and automatic movements. 

Many groups of muscles play a part in carrying out even quite a simple 
voluntary movement. We may recognise : 

(1) Peime Movebs OB Pbotagonists.— For example, the chief protagonists 
in flexion of the elbow are the biceps, brachialis and brachioradialis. The 
ventral horn cells supplying each of these flexors are called its motor neurone 
fool. The extent and strength of a voluntary movement (as of a reflex 
movement) are graded in two ways : 



I'm. 420. — Reciprocal Inhibition of Deltoid in Man. (From an 
experiment by W. F. Floyd and P. H. S. Silver.) 

Muscle action potentials recorded with surface electrodes. 

At the beginning of the record the arm was abducted against gravity ; 
there is marked electrical activity in the deltoid. 

At first signal, A, attempt to abduct arm against a resistance which 
prevents movement from taking place (isometric adduction). The 
deltoid is reciprocally inhibited ; the action potentials disappear. 

At second signal, B, attempt to abduct arm against resistance ; electrical 
activity in the deltoid reappears. 

(i) By varying the number of motor neurones and therefore, the number of 
motor units in action. 

(ii) By varying the discharge rate of the individual motor neurone ; as 
the frequency of the discharge increases, the weak tremulous sub-tetanus is 
converted into the strong sustained full tetanus. 

These facts can be well demonstrated by using the concentric needle 
electrode technique. When a muscle is completely relaxed in man, action 
potentials are absent. As the movement begins (Fig. 419), action potentials 
appear ; the frequency is low at first and gradually increases. As the con- 
traction becomes stronger, additional motor units come into action (Fig. 
419, C). When the contraction becomes maximal, the electrical record shows 
that many units are in action and are discharging at high frequency (66-1 90 
per sec.) ; the potentials are irregularly spaced and vary in shape and size 
(Fig. 419, D, E). 

Elbow-flexion, under different circumstances may involve more activity 
in one of the flexors and less in another, i,e, different parts of the flexor motor 
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neurone pool may be used ; another way of expressing this idea, is to say 
that the flexor motor neurone pool can he fractionated in different ways. 

(2) Antagonists. — These are the muscles whose contraction or elastic 
resistance would interfere with the desired joint displacement. The antag^ 
onists always act in a manner which facilitates the execution of the desired 
movement (or the maintenance of the desired posture). In different sets of 
circumstances the antagonists may react in one of the following ways : 

(a) Undergo reciprocal inhibition. 

\h) Contract together with the protagonists (co-contraction). 

(c) When the movement takes place in the direction of gravity they (the 
antagonists) contract, but the protagonists which would act in the same 
direction as gravity, do not. 

(i) Reciprocal Inhibition of Antagonists. — The antagonists respond in this 
way during movements against resistance. Reciprocal inhibition occurs 
during voluntary movements of the 
eyeballs in the monkey (p. 638) and in 
movements experimentally elicited 
from the motor cortex (p. 634). It 
can be readily demonstrated during 
voluntary movements in man. 

(а) The arm (extended at the elbow) 
is abducted in the coronal plane to a 
right angle, i.e. it is raised to the level 
of the shoulder. The deltoid (the 
protagonist) can be felt to be strongly 
contracted ; using surface electrodes 
numerous muscle action potentials 
are recorded (Fig. 420). The subject is 
then told to try to adduct the arm {i.e. 
lower it) against the resistance of the 
observer’s hand which he cannot over- 
come. No movement of the subject’s 
arm takes place and it remains in the 
abducted position. But during the attempt the deltoid has become the 
antagonist and is, therefore, reciprocally inhibited ; it becomes quite soffc 
and the action potentials temporarily disappear. 

(б) The elbow is flexed against gravity with the forearm in the supinated 
position ; all the elbow flexors contract. The biceps, however, contracts for 
two reasons : it not only flexes the elbow, but also supinates the forearm. 
The subject is now told to pronate the forearm forcibly without moving the 
elbow. At this stage of the experiment, the biceps motor neurone pool is 
receiving antagonistic impulses : excitatory, to maintain elbow-flexion, and 
inhibitory, to facilitate pronation of the forearm. On balance the biceps is 
reciprocally inhibited because its action opposes pronation (Fig. 421). The 
brachiahs, which is purely an elbow-flexor, remains contracted. 

(ii) Co-contraction of the Antagonists. — Sometimes the antagonists may 
cooperate with the protagonists by contracting too, as in the straight lefb 
of the boxer, in which protagonists and antagonists are both simultaneously 
contracted to keep the joint unmoved.^ 

1 Of. also Positive Supporting Reaction, p. 689. 


Fig. 421. — ^Reciprocal Inhibition of 

Biceps during Pronation in Man. 
(Prom an experiment by W. F. 
Floyd and P. H. S. Silver.) 

Action potentials of biceps recorded with 
surface electrodes. 

At the beginning of the record the elbow is 
flexed against gravity with the forearm in 
supination. There is marked electrical 
activity in the biceps. 

At the signal, the forearm is ‘promUd forcibly, 
without moving the elbow. The biceps is 
reciprocally inhibited. It is felt to relax 
and its electrical activity ceases. 


21 * 
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(iii) Contraction of Antagonists . — ^When the force of gravity is the pro- 
tagonist the antagonists may reciprocally contract to oppose gravity. 

(a) As akeady explained, during comfortable standing in man the erector 
spinae and the anterior abdominal muscles show little activity (Fig. 422). On 
leaning slightly backwards the erector spinae contracts momentarily ; gravity 
then comes into action and would cause the subject to fall backwards. It is 
resisted by the action of the rectus abdominis which contracts forcibly and 
thus either arrests the backward movement, or enables it to proceed smoothly 
and in a properly graduated manner. Conversely on leaning forwards, the 



Fig. 422. — ^Pattern of Activity of Erector Spinae and Rectus Abdominis on Leaning 
Backwards and Forwards during Standing in Man, (From an Experiment by 
W. F. Floyd and P. H. S. Silver.) 

Kuacle action potentials recorded with surface electrodes. 

At the beginning of the record the man is standing comfortably. Kote the absence of muscle 
action potentials in erector spinse and rectus abdominis. 

The deflections marked X are the US waves of the electrocardiogram and should be ignored. 

At first signal, Um backwards. Kote : 

(1) Initial brief activity of erector spinae which pulls the trunk backwards ; the muscle then 
relaxes again. 

(ii) This is followed by sustained activity of the rectus abdominis which maintains the 
posture against gravity. 

At second signal, lean forwards. Kote : 

(i) Momentary increase in activity of rectus abdominis which pulls the trunk forwards ; 
the muscle then relaxes. 

(ii) This is followed by sustained activity of the erector spinae which maintains the posture 
against gravity. 

[When the subject bends forwards sufficiently to touch his toes the activity of the erector spinae 
suddenly ceases ; the posture then has to be maintained purely by the tension of the ligaments 
of the spine.] 


rectus abdominis first contracts ; gravity tben takes over and would make tbe 
subject fall forwards. Tbe erector spinae contracts either to hold the forward- 
bent position or to enable the forward movement to proceed smoothly.^ 

(6) Abduct the left arm ; this causes the trunk to tend to faU to the left. 
The antagonist to this movement is the opposite (right) external oblique 
which contracts to restore and maintain the erect position (Fig. 423), When 

^ “ When a person bends forward from the erect position without having to overcome 
an obstacle it is not the flexors of the spine which act but the extensors ; and conversely 
in extending the spine in leaning backwards from the erect position it is not the extensors 
of the spine which act but the flexors. 

For every slow, unresisted movement which is made in the direction of gravity the 
muscles which act in the direction of gravity are relaxed while their antagonists contract 
and support the part,” (Beevor.) 
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both arms are abducted simultaneously, the trunk remains well-balanced 
and no contraction of the external obliques occurs. 

(3) Synbbgio or Fixing Muscles (Synergists). —In clenching the fist, 
the synergic muscles are the extensors of the wrist which greatly facilitate the 
movement. Anyone can readily demonstrate for himself that when the 
fist is normally clenched the wrist becomes dorsiflexed and that fist clenching 
becomes uncomfortable if the wrist is held quite horizontal. In very firm 
closure of the fist, the triceps contracts too, acts as a synergist, and so 



Eig. 423. — ^Pattern of Muscle Activity of Trunk Muscles on Abducting Arm. (From 
an Experiment by W. E. Eloyd and P. H. S. Silver.) 

Muscle action potentials recorded with surface electrodes. 

The man is standing comfortably. Note absence of activity in trunk muscles. 

The deflections marked X are the RS waves of the electrocardiogram and should be ignored. 

At first arrow, A, the left arm is abducted into the horizontal position ; the centre of gravity is thus 
shifted to the left. The muscle which opposes the action of gravity is the opposite external 
(right) oblique. This antigravity muscle contracts to maintain the erect posture. 

At second arrow, B, adduct left arm. Right external oblique relaxes. 

At third arrow, C, abduct right arm. Opposite (left) external oblique contracts. 

prevents joints other than those actually engaged in the desired movement 
from being moved (in this case the elbow-joint).^ 

^ It is desirable to note here that certain groups of muscles are normally associated 
together in carrying out voluntary movements (Wilson) : 

(i) Heady Face, and Neck. — {a) Shut the eyes : the eyeballs roll up. (6) Turn the eyes 
to the side : the head turns also, (c) Open the mouth against resistance : the head extends, 
(d) Turn the eyes up : the forehead wrmkles, the head extends, (e) In the supine position : 
flex the head on the chest, the recti abdominis contract. 

(ii) Arm. — (a) Abduct the extended arm at the shoulder : the opposite external 
oblique contracts (Kg. 423). (6) Open the closed hand : the flexors of the wrist contract, 
the extensors of the wrist relax, (c) Abduct the little finger : the abductor ossis metacarpi 
pollicis contracts. 

(iii) Trunk and Legs. — (a) Supine position : lift up one extended leg (i.t. flex the limb 
at the hip) : the contralateral hamstrings contract, (h) Erect position : abduct one 
extended leg at the hip : the opposite tensor fascdse femoris contracts. 
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(4) Movements of Cooperation. — These may be defined as movements 
which precede or accompany the prime movement and make it easier to 
carry out.^ 

It is clear from this discussion that a “ volitional ’’ movement involves 
the protagonists, the coordinated action of the antagonists, the assistance 
of the synergists to fix certain joints, and the help of various extraneous groups 
of muscles to carry out movements preceding or accompanying the prime 
movement in order to make the latter as easy and effective as possible. 
The component parts of the movement must also follow one another in 
appropriate sequence, and the whole movement must be correctly related 
to the stimuli which arouse it. Further, the movement is superimposed on 
a basis of efficiently carried out postural activity. 

Disturbances of Voluntary Movement. — Voluntary movements may 
be disturbed by abnormal function of those parts of the cerebral cortex which 
lie between the sensory receptor areas and the executive precentral cortex, 

(1) If the nature of the object is not recognized — ^the condition called 
agnosia is present. Thus a man shown a pencil does not recognize it as such, 
but thinks it is a cigar and uses it accordingly. The movement is planned 
and. executed correctly, but the effect is ludicrous, because the idea in the 
patient’s mind of the nature of the object was incorrect. 

(2) The nature of the object may be recognized, but the main idea of the 
movement cannot be analysed into its component parts. A man was supplied 
with a cigar and matchbox, both of which he recognized. When asked to use 
them, he opened the matchbox and stuck the cigar in and tried to shut the 
box as though it were a cigar-cutter. Then, taking the cigar out, he rubbed it 
on the side of the box as though it were a match. The main idea of the 
action was to light the cigar, but the components of the idea were not directed 
to the proper object nor followed in the right order. 

(3) ^ Lastly, the nature of the object may be recognized, the general idea 
of action is normal, but the appropriate impulse patterns do not reach the 
precentral cortex intact — a normally worked-out idea is not exteriorized 
into the corresponding pattern of movements. Such a condition is termed 
motor apraxia. The nature of the disturbance is best illustrated by quoting 
Liepmann’s classical case. The case was one of right-sided motor apraxia, 
the left side being normal. There was no paralysis on the right side. When 
asked to brush the examiner’s coat, he took the lower corner of the coat 
correctly with the left hand and held it ; but with the right hand he picked 
up the brush and made a rhythmical series of movements in the air above 
his right ear. At the telephone, he put the receiver to his ear with the left 

1 The following examples may be given : (a) Order a person sitting in a chair to stand 
up. The essential movement is to rise from the chair. Before that is attempted, however, 
he^ bi^ga his feet in underneath the body to a point almost under his centre of gravity ; 
this in normal people forms an essential preliminary to rising. Again, a hand is often 
stretched out to grasp the side of the chair to help the body up. 

(&) Attempt to turn round in the chair with the hands folded on the chest. If the 
movement is to the right, the subject first abducts his right leg ; as this “ auxiliary ” 
movement is closing, he carries out the prime movement of turning the body. As this is 
being completed, he adducts the left leg up to its fellow. 

(c) Arm-swinging in walking is a movement of cooperation helping to maintain the 
balance of the body. It can be voluntarily dispensed with, and one can walk with the 
anus behind the back, but there is consciousness of a sense of lack of ease. An athlete 
uses this movement of arm-swinging in a powerful manner to help propel himself along. 
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hand, but with the right hand he took the mouthpiece and put it to his 
forehead, making nodding and puffing movements all the while. Another 
patient who showed similar difficulties said, “ Je comprends bien ce que vous 
voulez, mais je ne parviens pas a le faire.” 

It has been suggested that an area in the left. prefrontal lobe controls skilled 
movements via the motor cortex of both sides of the brain. The left motor 
cortex would be reached by short connecting fibres, while the fibres for the 
control of the right motor cortex would pass through the corpus callosum. 
Motor apraxia has been found following lesions of the left prefrontal cortex 
or subcortex and of the corpus callosum. 

Speech. — Spoken and written speech are important examples of skille d 
and elaborate voluntary movements. As with other voluntary movements, all 
tormAof speech depend primarily on the integrity of the afferent mechanisms. 
For spoken speech we must first be able to hear sounds — that necessitates an 
intact auditory pathway from the ears to the auditory centres ; secondly, we 
must be able to understand them — ^this process is believed to be related to 
the activity of the adjacent “ auditory-psychic areas ; the term “ auditory 
speech centre ” is used to describe the special cortical region concerned. 
Similarly, for written speech we need an intact pathway from the eyes to the 
visual cortex to enable us to see ; the written symbols must be correctly 
interpreted. This process is believed to be related to the activity of the 
‘‘ visual speech centre ” (which is presumably part of the general “ visuo- 
psychic ’’ area). The sensory speech centres are mainly found on the left 
side of the brain in right-handed individuals. The exteriorization of speech 
demands the skilled use of many muscles, such as those of the tongue, larynx, 
or hand. The excitomotor areas of the brain, their descending tracts, and 
the related lower motor neurones, must all be intact and functioning normally, 
and appropriately guided by the cerebellum and the muscular, labyrinthine, 
and other afferents. But it is further supposed that, as for other voluntary 
movements, there is need for some higher centre which mediates the “ plan- 
ning ” of the details, sequence, and duration of the various movement patterns 
employed. It is suggested that there is a “ motor speech centre ” for both 
spoken and written speech in the left prefrontal lobe, in the neighbourhood 
of the alleged higher centre for voluntary movements in general. The 
“ higher ’’ motor centre for spoken speech is often called Broca’s centre, 
after the man who first attempted to locate it with some precision. He 
suggested that it lay in the left inferior frontal convolution.^ 

The sensory speech centres are undoubtedly linked by important pathways 
with the motor centres and guide them in their activities. 

^ Stimulation of the cerebral cortex in conscious man never produces spoken speech ; 
this result is not surprising as cortical stimulation only produces “ fragments ” of even 
quite simple movement patterns. Stimulation of the lower part of the motor face area 
(and the posterior part of the superior frontal convolution) may give rise to a “ cry ” 
(like that preceding an epileptic fit) ; the cry is called “ vocalization ” but it is not 
speech. Excisions in man in the vicinity of area 44 produce motor aphasia of varying 
degrees of severity and duration ; Penfield suggests that this region is probably Broca’s 
area. Stimulation of this area in conscious man disturbs its function and produces 
arrest of speech ; one patient said later, “ I knew what I wanted to say but could not ” 
(of. the comment of the patient with apraxia (supra) “ je ne parviens pas k le faire ”). 
Stimulation of the posterior part of the parietad lobe or of the upper temporal lobe also 
produces “ aphasic arrest ” (sudden speechlessness) suggesting that these regions are 
also involved in speech. 
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The above schema can be summarized as follows. 
a' 

Eabs Auditory Centres Auditory Speech Centre” 

)- — Motor Speech Centres’ 

Eyes — ^Visual Centres Visual Speech Centre ” ^ 

a 

^Excitomotor Areas — ^Lower Motor Neurones >'Musoles. 

b 


This schema is too rigid, and underestimates the closeness of co-ordination 
that exists between various regions of the cerebral cortex. It is probably un- 
justified to define and locate speech centres with any precision or to assign 
to them relatively autonomous functions. The left side of the brain is far more 
important than the right in right-handed individuals for the carrying out of 
speech functions in general. Marie stressed that speech functions must be 
considered as a whole, both on the receptive and the expressive side, and both 
for spoken and written speech. It is best to talk of a “ cortical speech area 
or “ region ” in a vague way rather than to use the terms speech centres,*’ 
which give a misleading idea of non-existent precision of localization. As 
speech is dependent on visual, auditory, and proprioceptive impulses, the 
speech area must be in the closest functional and anatomical connections 
with those regions of the cortex which primarily receive these impulses. The 
temporo-sphenoidal lobe, the hinder part of the parietal lobe (including the 
supra-marginal and angular gyri), and the island of Reil, probably represent 
the principal receptive side of the speech area. The area is continued forward 
to include that part of the prefrontal lobe from which the efferent pathway 
may possibly emerge. The whole of this vast area is correlated with the highest 
intellectual activities ; and injury to this region depresses not only speech but 
also other intellectual activities. Injuries to the incoming pathways (auditory, 
visual, or proprioceptive), to the ouigomg pathway to the excitomotor areas, 
or to the cerebral grey matter itself, cause fairly characteristic disturbances of 
speech, which are discussed more fully below. In general, it may be said 
that injury to the path to the visual speech centre (a in schema) may produce 
word blindness (inability to understand written words). Injury to the out- 
going pathway to the excitomotor areas (6 in schema) may produce fure 
motor aphasia (inability to speak articulately), or inability to write {agraphia), 
or both, without much mental disturbance. Otherwise most cases of aphasia 
which result from injuries to the cerebral grey matter itself, usually show 
interference with both the expressive and the appreciative side of speech and 
deterioration of the intellectual faculties. Thus, simple sentences may be 
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understood, while those involving more complex ideas cannot be followed. 
The patient may obey when told to raise his hand, but does not know what 
to do if he is asked to touch his right hand with his left forefinger. 

Clinical Conditions. — Pure Motor Aphasia is a condition in which there 
is loss of articulate speech without mental confusion or deterioration. The 
patient is dumb, though the 
excitomotor cortex and its — < 


efferent paths are intact. The 
condition can be regarded as 
a special example of apraxia 
(p, 652) ; a certain highly compli- 
cated group of movements, i.e. 
those of speech, are lost. It is 
commonly due to a lesion, 
subcortical in position, which cuts 
off the speech area from the 
excitomotor cortex. 

Pure Word-Blindness is the 
inability to recognize the meaning 
of written or printed words, which 
appear as hieroglyphics. The 
patient is unable to read aloud or 
copy print into writing. Speech 
otherwise is not disturbed. Word- 
blindness {alexia) is a special form 
of visual agnosia', there is a loss 
of the ability to recognize familiar 
symbols. It is due to a lesion, 
subcortical in position, which 
cuts off the visual centres from 
the speech area. It is usually 
situated deep in the substance 
of the occipital lobe behind the 
angular gyrus, and often involves 
the optic radiation, which is close 
by and is passing to the occipital 
cortex. Word-bHndness is thus 
often associated with right hemi- 
anopia (cf. p. 680). 

Pure WoRD-DEAENESS,t.e. the 
failure to recognize the meaning 
of spoken speech with no other 
defect of speech or intelligence, < 



Fig. 424. — Connections of Corpus Striatum. 
{Ranson, Res. Publ. Ass, nerv, ment. 
Dis., 1941, 21, 737.) 

B. P., basis pedunculi. 

C, caudate nucleus. 

DM, dorsomedial nucleus of thalamus. 

IC, internal capsule. 

P.T., putamen. 

P 2 , Pi, external and internal division of globus 
pallidus. 

SN, substantia nigra. 

STh, subthalamic nucleus. 

VA, anteroventral nucleus of thalamus. 

1, fibres &om caudate nucleus to globus pallidus 

[striopallidal]. 

2, fibres from putamen to globus pallidus [strio- 

pallidal]. 

3, fibres from globus pallidus to subthalamic nucleus 

[pallido-subthalamic]. 

4, fibres from thalamus to globus pallidus [thalamo- 

pallidal}. 

6, fasciculus lenticularis. 

6, fibres from globus pallidus to hypothalamus 

[pallido-hypothalamic] . 

7, fasciculus thalamicus. 

8, pallido-habenular tract. 

s not occur clinically (see Syntactical 


Aphasia, p. 656, footnote 1, (3)). 

Cortical Aphasia. — ^As already explained, pure word-b l i n d n ess and pure 
motor aphasia are caused by subcortical lesions. Injuries to the cortex de- 
press speech function as a whole. Lesions situated posteriorly affect more 
markedly the reception of speech, while those situated anteriorly disturb, in 
the main, the execution of speech. The later acquired speech fimctions tend 
to drop out before those developed in early life. Propositions cannot be 
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made when ejaculations and emotional expression are still possible ; the latter 
being more deeply grounded, persist longer.^ 

Dysarthria. — Dysarthria is a disturbance of speech resulting from defects 
of the exdtomotor areas in the cortex and their connections, i.e, the pyramidal 
tracts, cranial nuclei, cranial nerves, muscles ; from disturbances of tone, 
like rigidity ; or from lack of cerebellar control of postural and voluntary 
activity. Any of these disorders or a combination of them disturb speech 
to some extent ; it should be noted that the muscles cannot be used 
effectively for any purpose, including that of speech.^ 


THE CORPUS STRIATUM 

The corpus striatum consists of the caudate and lenticular nuclei. The 
caudate nucleus is part of the cerebral suppressor or inhibitory mechanisms ; 
the lenticular nucleus is part of the cerebral excitatory or facilitatory 
mechanisms. The connections of the corpus striatum are shown in Figs. 424, 425. 

(1) Caudate Nucleus. — (i) As explained on p. 620, the caudate nucleus 
lies on the path by which the cortical suppressor bands inhibit the thalamus 
and so abolish the cortical resting potentials. 

(ii) Inhibitory descending fibres from the suppressor bands relay in the 
caudate nucleus to pass on to the reticular nuclei and thence via the reticulo- 
spinal tracts to the lower motor neurones (Fig. 400 ; p. 623). 

(iii) The caudate nucleus also receives afferents from the thalamus ; it 
sends efferents to the globus pallidus [striopallidal tract]. 

(2) Lenticular Nucleus. — This is subdivided into an external segment 
the putamen and a smaller internal part, the globus pallidus, 

(i) The extrapyramidal fibres arising in areas 4 and 6 relay in the putamen 
and globus pallidus to pass to the hypothalamus and the excitatory reticular 

1 Head recognizes four clinical varieties of aphasia 

(1) Verbal Aphasia. — ^There is defective word formation ; words both in internal and 
external speech are evoked with difficulty. Enunciation is slow and halting ; writing is 
difficult or almost impossible. Numerous errors are present in articulate speech. This 
corresponds roughly to motor aphasia and agraphia (h in schema). 

(2) Nominal Aphasia. — ^There is difficulty in naming letters, words, or objects. 
Reading is impaired. This occurs especially with lesions of the upper temporal lobe. 

(3) Syntactical (or “ Jargon ”) Aphasia. — ^When we speak aloud we immediately 
recognize what has been said, and are able to correct any faults made. This “ backlash ” 
keeps speech at a high functional level. Similarly, impulses from the functioning muscles 
keep us informed as to how the movements are executed, and visual appreciation maintains 
a check on writing. When the speech area is isolated on the afferent side, a voluble jargon 
results. The patient neither hears nor feels that he has spoken incorrectly ; in these 
circumstances speech is ^atly deranged. The patient becomes excited and very voluble, 
and speaks in a gibberish from which distinguishable words may be entirely absent. He 
is usually deemed mad by those around him (Collier). 

(4) Semantic Aphasia (semantic ; concerned with “ meaning ’*). — There is want of 
recognition of the full significance of words and phrases. 

^ The clinical causes of dysarthria may thus be summarized : 

(1) Muscles : paralysis of muscles of face in myopathy or myasthenia gravis. 

(2) Peripheral nerves : bilateral facial palsy ; diphtheritic neuritis. 

(3) Cranial nuclei : bulbar form of progressive muscular atrophy ; tumours of medulla. 

(4) Pyramidal system : e.g, spastic bulbar paralysis ; general paralysis. 

(5) Cerebellum : e.g, disseminated sclerosis, Friedreich’s disease, 

(6) Extrapyramidal system : from rigidity in Parkinson’s disease. 
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nuclei j reticulospinal fibres descend to reach the lower motor neurones wbicli 
they stimulate (Fig. 409 ; p. 629). 

(ii) The other connections are : 

(а) Two-way connections between the globus pallidus and the thalamus 

(mainly antero ventral nucleus). 

(б) From the globus pallidus to the hypothalamus and subthalamic nucleus. 

(c) To the substantia nigra. 

(d) From the putamen to the globus pallidus [striopallidal tract]. 
Parkinson’s Disease [Paralysis 

Agitans]. — In this disorder the subcortical ^-•^•^•p'coRPUS callosum 
nuclei, the substantia nigra, and globus ) ^ ^ ^ 

pallidus are most commoidy damaged. A - - 24 * 

study of the clinical findings may throw j ^ ‘ ’• •* . 

some light on the functions of the corpus / 

striatum and the related subcortical nuclei. I / , ^ / \ || V 

The characteristic signs of Parkinson’s disease * " / I ) 

are : rigidity ; involuntary movement — 5“* 

tremor ; disturbances of movement. 4 f r q • 'T^ 

(1) Eigidity (Striatal Eigidity). — The At ^ 

rigidity (the cHnical term for the increased 

muscle tone which is present) affects mainly / i 

the big muscle masses and the proximal parts f | \ 

of the limbs. It affects both protagonists and \M \ 
antagonists but as the rigidity is usually Ma \ f 

greater in certain groups of muscles, a 'WVNr^f':! 

characteristic posture results. Thus, the 0] 
sternomastoids, the biceps, and knee flexors ' / \ 
are often markedly involved ; the back is i 
slightly flexed, the arms are adducted and 
flexed and the knees are bent, i.e. an 

attitude of generalized flexion is present. Fig. 425.— Connectio^as be^een 
The rigidity, Uke aU patterns of skeletal fh'T' toebr“ Co°itez 
muscle tone is due to proprioceptive reflexes; Corpus Striatum (chimpanzee), 
if ^procaine is injected into the nerve supply (McCulloch, in Bucy, Precentral 
of a muscle in a concentration which Motor Cortex, 1944). 
paralyses only the muscle afferents, the 

rigidity is abohshed. The hypertonus of with and fire ” the caudate nucleus 

striatal rigidity differs in several ways from 

the “spasticity” which accompanies 

hemiplegia: (i) the distribution is different lenticular nucleus. 

(cf. p. 642); (ii) if the Hmb is progressively 

flexed or extended, resistance is encountered all the time, and at no stage are the 
muscles reflexly inhibited, i.e. there is no lengthening reaction ; (iii) the rigidity 
is unaffected by neck reflexes, i.e. by moving the head on the trunk (cf. p. 591). 
Striatal rigidity, like spasticity, must be regarded as a release phenomenon. 
It is not clear what exactly are the higher level inhibitory mechanisms which 
the disease has put out of action ; the caudate nucleus is however part of the 
descending pathway inhibiting muscle tone (p. 623). 

The rigidity in advanced cases may be so marked that the patient, ^ if 
not too heavy, can be carried about like a statue. Any grade of rigidity 




425. — Connections between 
Precentral and other parts of 
the Cerebral Cortex and the 
Corpus Striatum (chimpanzee). 
(McCulloch, in Bucy, Precentral 
Motor Cortex, 1944). 


connect with and “ fire ” the globus 
pallidus (GPE, GPI) and the putamen 
(lying between NO and GPE) of the 
lenticular nucleus. 
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must obviously interfere with the ease and rapidity of execution of move- 
ments ; intense rigidity may fix the joints and make voluntary movement 
impossible, 

(2) Teemor. — The tremor consists of fairly regular, rhythmically alter- 
nating contractions of a muscular group or groups and their antagonists, 
usually about six times per second. The range varies from a very fine to a 
coarse, wide movement. Though any group of muscles and their opposites 
may be affected the tremor commonly involves the more distal and mobile 
segments of the body, such as the fingers, hand, lips, or tongue. It may 
consist of a flexor-extensor movement at the wrist, a side-to-side movement 
(radio-ulnar deviation), or a movement of pronation-supination. The tremor 
is readily modified by many conditions. It may be temporarily inhibited by 
painful stimuli ; it ceases during sleep. The tremor must presumably be 
regarded as a release phenomenon but its mode of production is unknown.^ 
(Experimentally produced tremor of a similar type is considered on p. 660.) 



!Fig. 4:26. — Rigidity interfering with Movement in Parkinson’s Disease. 


Series of records of voluntary flexion-extension of right elbow. A. Beforel njection. B. Ten minutes after 
injection of 20 c.c. of 1% procaine solution into biceps to paralyse affermb fibres in motor nerve. 
C. Fifteen minutes after injection into biceps. I). Twenty-five minutes after injection into biceps and 
six after injection into triceps. In A, movements dwindle almost immediately in speed and range ; 
there is considerable improvement in B and C ; after paralysing aflferents in triceps (B), movements 
are rapidly performed and amplitude is sustained. (W^alshe, 1920.) 


(3) Disturbance of Movement.— The disturbances of movement in 
Parkinson’s disease are as follows : 

(i) There is weakness of the muscles ; fatigue sets in rapidly ; there is 
difficulty in maintaining a contraction ; the movements are slow, irregular, 
and limited in extent. This is well seen in the case of the interossei : on 
attempting to spread out the fingers the movement is not readily carried 
out, and the feebleness and lack of precision are well marked. These defects 
involve chiefly the small muscles, or at any rate are less evident in the larger 
masses of muscle. The voice is monotonous, and the “ chanson de langage ” 
is lost. The delicate adjustments of the laryngeal muscles necessary to 
produce the inflections and modulations of normal speech are lost. There is 
jerky movement of the eyes on looking to one side. It is thus seen that 
muscles are affected chiefly in inverse proportion to their mass. All the 
small muscles are affected whether they are used in highly complex move- 
ments {e,g, larynx) or in relatively simple movements {e,g. interossei). The 

^ Tremor also occurs clinically at rest (static tremor) and during movement (“ inten- 
tion ” tremor) in cerebellar dysfunction (pp. 609 and 610), in old people, and in exoph- 
thalmic goitre (p. 991). 
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impairment of voluntary movement is greatly influenced by tbe degree of 
rigidity. Wlien an antagonistic pair of muscles {e,g, biceps and triceps) are 
deafi*erented by means of procaine, the motor fibres being left intact, the 
rigidity is abofished and it is found that the normal range and speed of 
movement are temporarily restored (Fig. 426). 

(ii) Poverty of Movement — ^When at rest the patient with Parkinson’s 
disease literally sits still and does not make the spontaneous movements 
upally shown by normal people. A man does not cross his legs or toy with 
his lips and chin during conversation ; a woman does not twirl her wedding- 
ring. Intelligent patients explain they have no desire to move. The rigidity 
when present is a contributory factor in making movement dif&cult and 
irksome, but it is not an essential accompaniment of the poverty of move- 
ment. Movements of cooperation (p. 652), e,g, arm-swinging, are similarly, 
less in evidence. 

(iii) Emotional Expression, — The face is mash-like in appearance, though 
the patient can and does laugh or cry. Emotional movements are carried 
out slowly and less effectively. One patient said, ‘‘ I used to have a ringing 
laugh, now I only make a silly noise.” There is not an absence of expression 
but a lack of ease (due partly to rigidity) in passing from one expression to 
another. 

(iv) Reflexes. — The reflexes, both superficial and deep, are unaffected at 
first. When the rigidity becomes severe in degree the joints become fixed, 
and this mechanically interferes with the reflexes. The ultimate clinical 
picture in progressive cases is one of complete motor helplessness. The 
rigidity increases and binds down the joints. Speech and swallowing become 
dfficult, and finally impossible. Tremor is usually marked. 

Experimental Parkinsonism. — ^Attempts to reproduce the clinical 
syndrome in animals have given the following results : 

(1) Lesions of the caudate nucleus or the putamen do not give rise to 
Parkinsonism. There are conflicting reports about the effects of bilateral 
lesions of the globus pallidus : some workers (Ranson) have obtained no 
characteristic changes ; others have noted striking poverty of movement, 
without paralysis or rigidity. 

(2) (i) Bilateral lesions (in the monkey) of the hypothalamus involving the 
lateral areas where, incidentally, the fibres from the globus pallidus to the 
hypothalamus lie, produce interesting results. There is again no paresis, 
no tremor, chorea, or athetosis, and no rigidity. Although the animal can 
run, jump, or climb, its movements are slow and there is poverty of move- 
ment. The a nim al stays quite stiU for long periods without change of 
position ; apart from opening and closing the eyes, no movement may be 
observed for minutes on end. The face is described as displaying a “ fixed 
sad expression which does not change.” The grasp reflex is released : if a 
rod is placed in the hand, it is grasped so firmly that the animal can be lifted 
up by means of the rod. 

(ii) Bilateral lesions (in the cat) in a position close to that discussed 
above, i.e. between the caudal border of the mammillary bodies and the 
rostral fibres of the third nerve, produce a somewhat different picture. The 
animal is very lethargic and shows “ catalepsy ” ; it remains in any position 
in which it is placed. With the animal lying on its back in a shallow trough, 
if the limbs are flexed they remain flexed, if extended they remain extended ; 
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there is no tendency (as in decerebrate rigidity) for the limbs to return to 
a basic posture. Most of the time the animal seems to be asleep ; on 
pinching the tail, it wakes up, assumes a normal posture, takes a few steps, 
and then often goes to sleep again in a standing position. When awake 
there is great paucity of voluntary movement. 

It was pointed out on p. 630 that the globus pallidus and hypothalamus 
form part of a descending excitatory pathway which facilitates the response 
of the lower motor neurones to impulses in the pyramidal tracts. The 
experiments described above suggest that interruption of this pathway may 
be an important factor in producing the weakness and paucity of movement 
of Parkinson’s disease. It could not, however, account for the characteristic 
rigidity which must be due to loss of some tonic inhibitory influences. 

(3) Tremor. — ^An alternating tremor resembling that seen in clinical 
Parkinsonism has been produced experimentally by means of lesions in the 
tegmentum of the midbrain and pons (but not by lesions involving the 
basal ganglia). The rhythm of the tremor is not visible in the electro- 
encephalogram experimentally or clinically, indicating that it is not due to 
an alternating discharge from the motor cortex ; it is suggested that the 
tremor is due to some abnormal pattern of activity of reticulospinal excitatory 
and inhibitory pathways. 

It must be frankly admitted that our knowledge of the corpus striatum 
and the related nuclei is too fragmentary to enable us to give any coordinated 
account of their functions or to account adequately for the signs in Parkinson’s 
disease in man. , 

Clinical Conditions. — The corpus striatum is probably involved in the 
following diseases : 

(1) Parkinson’s Disease (paralysis agitans), which may be the result of 
vascular lesions of this region occurring in old people. 

(2) Encephalitis Lethargioa : the corpus striatum is very commonly 
affected, producing an end result almost indistinguishable from the previous 
condition, except that it comes on acutely in younger subjects. 

(3) Progressive Lenticular Degeneration (Wilson), a bilateral 
affection of the lenticular nuclei associated with multilobular cirrhosis of 
the liver. 

(4:) Kernicterus : ^ the basal ganglia and related parts of the brain are 
damaged and stained yeUow in haemolytic disease (p. 180), which results 
from the noxious action of Rhesus antibodies. The nuclei usually involved 
are the globus pallidus and the subthalamic body (the putamen is affected 
more rarely). If the child survives it may show the striatal type of rigidity, 
chorea, and athetosis (and often mental deficiency). 

Chorea and Athetosis. — These two disorders are characterized by 
spontaneous movements ; clinically lesions are usually foimd in the thalamus 
or corpus striatum. 

In chorea the spontaneous movements are irregular, brief, and rapid. If 
the arm is affected there is, in addition, decreased tone and muscular 
weakness, especially of the hand (there is complaint of uselessness ” of the 
hand) ; the arm hangs limply. Voluntary movements of the arm are not 
carried out smoothly but tend to be abrupt and sudden. 

In athetosis the spontaneous movements are slow and confluent — one 
1 Evans and Polani, QimrU J. Med., 1960, 19, 129. 
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phase blending with the next ; the limb thus undergoes a series of complex 
writhings and contortions. As Wilson puts it, the movements appear to be 
directed to an end which is never attained. 

The pattern of the involuntary movements in chorea and athetosis 
suggests that they arise in the cerebral cortex ; they only occur when there 
is relative integrity of the descending paths from the excitomotor cortex. 

Experimentally it is claimed that an isolated lesion of the caudate nucleus 
produces choreo-athetosis. On the basis of these results it has been suggested 
that the spontaneous movements are due to interruption of the suppressor 
pathway from area 4s via the caudate nucleus to the thalamus, thus blocking 
the thalamocortical circuit and depriving the excitomotor area of an afferent 
control from the subcortical ganglia. Wilson has suggested that a lesion of 
the thalamus might deprive the cerebral cortex of cerebellar control or lead 
to disordered cerebellocortical influences and thus give rise to the spontaneous 
movements ; he draws attention to the other signs suggestive of cerebellar 
dysfunction which are found in chorea, e.g. decreased muscle tone, weakness 
and incoordination of willed movements. 

It is claimed that the movements of athetosis may be controlled by 
(i) removal of area 6, or (ii) section of the ventral column of the spinal cord, 
without encroaching on the crossed pyramidal tracts.^ 

It is clear from the discussion that it is premature to assign a precise 
pathology to chorea and athetosis. 


PHYSIOLOGY OF THE EMOTIONS 

“ Of points where physiology and psychology touch, the place of one lies 
at ‘ emotion A discussion of the physiology of the emotions must begin 
by recognizing that man is body and mind, a “ psycho-biological whole,’* 
and that emotion has a mental and a physical side. The mental side consists 
of cognitive, affective, and conative changes.^ The following example illustrates 
the meaning of these terms : thus, I hear a noise which I recognize as that of 
an exploding bomb (cognition) ; I feel frightened (affect), and I want to take 
shelter (conation). The physical side of an emotion consists of changes in 
viscera and skeletal muscles ; these are often widespread and involve the 
coordinated activity of both the autonomic and somatic nervous systems. 

Bodily Changes in Emotions. — The bodily changes accompanymg 
several “ coarse ** emotions are described below. 

Fear. — In fear the eyes and mouth are widely opened and the eyebrows 
raised. The heart beats quickly and violently, so that it palpitates or knocks 
against the ribs ; the skin becomes pale owing to the vasomotor centre being 
affected in such a manner as to cause contraction of the small arteries of the 
skin ; perspiration immediately exudes from the skin, which is cold, hence the 
term, a cold sweat. The hairs on the skin stand erect, and the superficial 
muscles shiver. The breathing is hurried. The salivary glands act imperfectly ; 
the mouth becomes dry and is often opened and shut ; under slight fear there 

^ Buoy, J. Neurol, Neurosurg, PsychiaL, 1951, 14, 108. 

* Cognitive, affective, and conative are classical psychological terms. Cognition is 
derived from the Latin “ cognoscere ” (to get to know) ; an “ affect ” “ pertains to the 
emotions” (cf. “affectionate”), it is a “feeling” ; conation is the faculty of volition 
and is related to desire, urge, drive. 
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is a tendency to yawn. One of the best-marked symptoms is the trembling 
of all the muscles of the body ; and this is often first seen in the lips. Prom 
this cause, and from the dryness of the mouth, the voice becomes husky or 
indistinct or may fail altogether. As fear increases into an agony of terror, 
we behold, as under all violent emotion, diversified results. The heart beats 
wildly or may fail to act and faintness ensues ; there is a death-like pallor ; 
the breathing is laboured ; the wings of the nostrils are widely dilated ; 
there is a gasping and convulsive motion of the lips, a tremor on the hollow 
cheek, a gulping and catching of the throat ; the uncovered and protruding 
eyeballs are fixed on the object of terror, or they may roll restlessly from side 
to side. The pupils are said to be enormously dilated. The arms may be 
protruded as if to avert some dreadful danger, or may be thrown wildly 
over the head.” (Darwin). 

Grief.— ‘‘ The chief feature in the physiognomy of grief is its effect on 
voluntary movements. There is a feeling of weariness; movements are 
made slowly, without strength, and with exertion, and are limited to the 
fewest possible. By this the ^eving person gets his outward stamp ; he 
walks slowly, unsteadily, dragging his feet and hanging his arms. His voice 
is weak and without resonance ; he prefers to sit still, sunk in himself and 
silent. The tone of the muscles is diminished. The neck is bent, the head 
hangs (‘ bowed down ’ with grief). With this condition of weakness of the 
muscles there coexists a subjective feeling of weariness and heaviness, of 
something which weighs upon one ; one feels ‘ downcast,’ ‘ oppressed,’ 

‘ laden,’ one speaks of his ' weight of sorrow.’ Many ‘ succumb ’ to sorrow 
to such a degree that they cannot stand upright but sink or lean against 
surrounding objects, fall on their knees, or, like Romeo in the monk’s cell, 
throw themselves upon the earth in their despair. But this weakness of the 
entire voluntary motor apparatus is only one side of the physiology of grief. 
Another side, belongs to the involuntary muscles, especially those in the walls 
of the blood vessels. The vascular muscles are strongly contracted so that the 
tissues and organs of the body become anaemic. The immediate consequence 
of this bloodlessness is pallor and shrunkenness, and the pale colour and 
collapsed features are the pecuharities which, in connection with the relaxation 
of the visage, give to the victim of grief his characteristic physiognomy. 
Another regular consequence of the bloodlessness of the skin is a feeling of 
cold and shivering. Some secretions are diminished ; the mouth grows dry, 
the tongue becomes sticky. Other secretions are increased ; there is the 
weeping, with its profuse secretion of tears, its swollen reddened face, red 
eyes, and augmented secretion from the nasal mucous membrane.” (Lange). 

Role of Sympathetic and Parasympathetic Systems in Emotional 
Reactions. — (1) As already explained, in some emotional states, e,g, in fear, 
the sympathetic nervous system is stimulated as shown by a quick heart, 
vasoconstriction and rise of blood pressure, dilatation of the pupil and in- 
creased secretion of adrenaline. 

(2) In many emotions, however, parasympathetic overactivity predomin- 
ates. (i) The anxious candidate awaiting a viva-voce examination suffers 
from frequency of micturition ; the sacral autonomic is motor to the bladder, 
(ii) Victorian young ladies used to swoon on the slightest provocation; 
the swoon is the vaso-vagal syndrome (p. 271) in which the heart is slowed 
by vagal overactivity and the vasomotor centre is depressed, with a consequent 
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decreased discliarge of sympathetic vasoconstrictor impulses to the blood 
vessels, (iii) The vagal innervation of the stomach is stimulated in states of 
anxiety and resentment, leading to increased secretion of gastric juice and 
dilatation of the blood vessels of the mucosa (p. 520). 

(3) In some emotions there may be complex autonomic activity, e.g. 
increased sympathetic action in one viscus and increased parasympathetic 
action elsewhere. Thus in grief the sympathetic nerves constrict the skin 
blood vessels while the parasympathetic nerves are responsible for the 
secretion of tears and the dilatation of the blood vessels of the eyes. In coitus 
bhe sacral autonomic is responsible for pelvic vasodilatation and erection of 
the penis while the sympathetic produces cardiac acceleration and a rise of 
blood pressure. 

It is clear that in emotional states the appropriate parts of the autonomic 
system, sympathetic as well as parasympathetic, are employed to produce 
the characteristic and presumably appropriate visceral reactions. 

Influences of Emotional States on Ductless Glands. — ^Emotional 
states influence the secretion of adrenaline (p. 731) and of the antidiuretic 
hormone of the posterior pituitary (p. 53). There is evidence that the brain 
regulates the discharge of the anterior pituitary hormones (p. 931) ; emotional 
states might in this way indirectly affect the activity of the thyroid {e,g. 
possibly producing hyperthyroidism (p. 980)) and adrenal cortex, and the 
secretion of the hormones of the ovary and the testis. 

Central Control of Emotional Exteriorization. — Certain regions of 
the cerebral cortex (especially the precentral and prefrontal areas), the 
thalamus, hypothalamus, and brain stem are concerned in regulating and 
mediating the complex coordinated patterns of bodily activity which are 
characteristic of emotional states. 

1. Role of Cerebral Cortex. — (1) Evidence set out on p. 670 shows 
that stimulation or excision of parts of the prefrontal lobes (especially areas 
13 and 14 on the orbital surface or area 24 [cingular gyrus]), may enhance or 
depress the outward manifestations of emotion, alter patterns of behaviour 
and produce changes in the personality. 

(2) Following lesions of the pyramidal tracts, especially in cases of bilateral 
lesions of the corticobulbar fibres which control the motor cranial nuclei, 
skeletal muscles which are no longer responsive to voluntary control spring 
into action and give free expression to sadness or gaiety.” In a typical case 
there is loss of voluntary movements of the face, but emotional expression is 
preserved intact and is elicited in an exaggerated form by what are normally 
inadequate and inappropriate stimuli. The patient may thus display well- 
executed, prolonged fits of laughing, crying, scowling, or frowning which he 
cannot check or control. One patient started laughing in this way (for no 
particular reason) at 10 a.m. and continued with few pauses till after mid- 
night.^ It is important to emphasize that the patient does not experience 
the feelings which his face and body so dramatically exteriorize ; there has 
thus been a dissociation of the mental and the physical side of the emotion ; 
the mental, especially the “ affective ” component of the emotion is missing. 
Such behaviour is often called pseudqffective, i,e, there is an outward mani- 
festation of an emotion which is not felt (see pp. 642, 667). 

^ Compare the behaviour of an invited audience attending a variety performance 
given in the British Broadcasting Corporation’s studios. 
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The clinical findings just described indicate that emotional exteriorization 
is essentially an involuntary act which can be mediated by subcortical levels * 
it is, however, normally modified, and to a considerable extent inhibited, by 
cortical influences. The extent of such cortical control varies in different 
peoples and different individuals ; the strong silent Englishman of fiction 
feels deeply but keeps his emotional exteriorization under iron control ; the 
equivalent Frenchman not only has a highly mobile, expressive face but 
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exteriorizes his feelings by 
appropriate activities of most 
of his bodily musculature. 

2. R61e of Subcortex.— 
(1) After trans-section of the 
brain in cats just anterior 
to the thalamus, there are 
released ” in the resulting 
thalamic preparation ‘‘a group 
of remarkable activities such 
as are usually associated with 
emotional excitement — a sort 
oi shamrage'' The most trivial 
stimuli, or no recognizable 
stimuli, set up widespread 
sympathetic activity associ- 
ated with erection of the hairs, 
profuse sweating of the toe- 
pads, a rapid heart rate ahd 
raised arterial blood pressure, 
hyperglycsemia, adrenaline 
secretion and bodily move- 
ments such as lashing of the 
tail, kicking, running, and 
even biting.^ The “width and 
energy’’ of the exteriorization 
“ make it unmistakably the 
counterpart of intense fury in 
the normal animal.” Detailed 
experimental ablations prove 
that in the cat the “ rage 
reaction ” is mediated centrally 
by an area comprising the caudal half of the hypothalamus and the most 
ventral and most caudal fractions of the thalamus. 

(2) After removal of the thalamus and hypothalamus by a midbrain 
trans-section (midbrain or decerebrate preparation) a modified, more partial 
and transient rage reaction can be induced refiexly. But the response is 
only elicited by powerful stimulation ; it consists of less widespread, i.e. 
more isolated items of behaviour ; it may be limited for example to the 
head and show little involvement of the viscera. 

(3) After a midthoracic spinal transection, pseudaffective reactions of a 

1 Compare the almost identical rage reactions displayed by the late Adolf Hitler, 
including the reported biting of the carpet. 



Fig. 


V- Somatic 
“ Motor NUCLEI 

Autonomic 
N. System 

427. — ^Dia^am to illustrate Keflex Arcs 
employed in Exteriorization of Emotion. 



ROLE OF HYPOTHALAMUS 


665 


still more limited character may be reflexly produced from the isolated half 
of the spinal cord, e.g, the flexor withdrawal reflex of a leg on nocuous 
stimulation of the sole of the foot. 

It may be concluded that as more of the nervous system is available as 
a reflex centre, the kind of stimuli or situations which in the intact animal 
are associated with an affect ” (or feeling ”), elicit more complex, wide- 
spread, and varied reactions which we recognize as resembling more and 
more closely those outward expressions which in ourselves accompany 
emotions. It should be emphasized that the lower the level of a reflex 
centre,’’ the more stereotyped and restricted is the reflex response obtained. 
Reflexes employing higher level centres are not only more generalized but 
also more variable in character and seemingly better adapted to deal with 
the causal situation. The fact that emotional exteriorization normally varies 
so much in its pattern and is so nicely adjusted to the nature of the 
stimulus, is almost in itself adequate evidence that it is mediated by relatively 
high cerebral levels. The evidence presented above has made clear the role 
of the region of the thalamus and h 3 rpothalamus in mediating some of the 
“ coarser ” emotions. But even the reactions of the thalamic animal are 
limited in pattern, exaggerated in character, and generally ill-related to the 
causal agent employed. We must conclude that it is the integrity of the 
cerebral cortex which introduces the element of refinement, nicety of adjust- 
ment, and greater variegation of pattern into emotional exteriorization. 

3. Role of Hypothalamus. — explained on p. 716, the nuclei of the 
hypothalamus control both divisions of the autonomic nervous system and 
also influence the activity of the lower motor neurones which supply skeletal 
muscles. The hypothalamus is an important centre on the efferent (“ down- 
stream ”) side of the mechanisms controlling emotional exteriorization 
(Fig. 427). 

(1) Masserman introduced fine electrodes into the hypothalamic region of 
anaesthetized cats ; the animals were then allowed to recover. Subsequently 
the hypothalamus could be stimulated at will in the conscious intact animal. 
Such localized electrical stimulation sets up a typical “ rage reaction,” both 
on the visceral and somatic side, indistinguishable from that observed in the 
thalamic animal. These responses are diminished by the administration of 
hypnotic drugs such as Amytal or Nembutal ; on the other hand the instil- 
lation of a minute amount of Metrazol or picrotoxin initiated “ a crescendo of 
excitement reaching a seeming frenzy of rage and fear.” 

(2) On one occasion de Barenne inadvertently injected strychnine into 
a cat’s hypothalamus (intending it for the thalamus). A few moments after 
the cat had recovered from the ether anaesthesia “ a frightening seizure of 
unleashed fury developed in which the cat dashed madly from one end of 
the room to the other and from floor to ceiling, savagely attacking anything 
in its path.” 

Centkal Pathways for Emotional Exteriorization. — Two-way con- 
nections are present between the prefrontal cortex and the hypothalamus 
(p. 670) ; fibres also pass both ways between the thalamic nuclei and the hypo- 
thalamus (Fig. 428). From the latter new relays pass : (i) to the appropriate 
supraspinal autonomic centres {e,g. cardiac, vasomotor) ; (ii) to nuclei in the 
midbrain and the reticular formation of the pons and medulla ; from these 
cells, relays pass to the appropriate cranial and spinal lower motor neurones. 
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Fibres from the precentral and prefrontal regions of the cortex reach this 
region of the brain stem and modify its inherent pattern of reflex response. 
Lesions in man of the thalamns, certain parts of the hypothalamus, and the 
dorsal part of the midline region of the brain stem (reticular formation) may 
produce emotional falsy, i.e. loss of emotional exteriorization, while the volitional 
control of the muscles used in emotional expression remains intact. 

Relation of Bodily Changes to Production of Emotional Affective 
State. — There are three possible relations between the emotion ‘‘ felt ” and 
the emotion ‘‘ exteriorized,’* i.e. between the mental and the physiological 
changes : 

(i) The stimulus {i.e. the causal situation) sets up activity of the brain 
which simultaneously gives rise to the feeling and the exteriorization. 

(ii) The stimulus first sets up the feeling which in its turn, by influencing 
the brain, produces the bodily changes. 

(iii) The stimulus acting via the brain first reflexly produces the bodily 
changes ; the viscero-somatic changes thus set up send back afferent impulses 
which on reaching the brain induce the affective state characteristic of the 
emotion. This last suggestion is the James-Lange theory of the emotions. 
The views of James are set out more fully in the footnote.^ 

The experimental evidence summarized below suggests that James was 
largely in error and that he greatly overestimated the role of the backlash 
from the body to the brain in producing the ** feeling ” (affective) component 
of an emotion- 

(1) As pointed out on p. 665, appropriate hypothalamic stimulation in 
the intact, unansesthetized cat produces the exteriorization of rage and fear. 
The question arises whether the animal “ felt ” angry or frightened ; no 
certain answer can be given because we cannot appeal to the cat to describe 
its feelings ; but careful examination of the cat’s behaviour during stimula- 
tion suggests that the animal is not feeling the emotion it is so graphically 
portraying. The ostensibly aggressive activity during hypothalamic 
stimulation is not directed towards specific objects in the animal’s environ- 

^ “ The bodily manifestations must he interposed between the stimulus and the emotion ; 
we feel sorry because we cry, angry because we strike, afraid because we tremble, and 
not that we cry, strike or tremble as the case may be. Without the bodily states follow- 
ing on the perception, the latter would be purely cognitive in form, pale, colourless, 
destitute of emotional warmth. We might then see the bear and judge it best to run, 
receive the insult and deem it right to strike, but we should not actually fed afraid or 
angry.” “ Objects excite bodily changes by a preorganized mechanism and the changes 
are so infimtely numerous and subtle that the entire organism may be called a soundmg 
board, which every change of consciousness, however slight, may make reverberate. 
The various permutations and combinations of which these organic activities are 
susc^tible make it abstractly possible that no shade of emotion, however slight, should 
be without a bodily reverberation as unique, when taken in its totality, as is the mental 
mood itself.” There follows a purple passage which is an appeal to introspection : “ What 
kind of an emotion of fear would be left if the feeling neither of quickened heart-beats 
nor of shallow breathing, neither of trembling lips nor of weakened limbs, neither of 
goose-flesh nor of visceral stirrings were present, it is quite impossible for me to think. 
Can one fancy the state of rage and picture no ebuUition in the chest, no flushing of the 
face, , no contraction of the muscles, no clenching of the teeth, no impulse to vigorous 
action, but in their stead, limp muscles, calm breathing, and a placid face ? The present 
writer, for one, certainly cannot. In like manner of grief : what would it be without its 
bears, its sobs, its suffocation of the heart, its pang in the breast-bone ? A feelingless 
cognition that certain circumstances are deplorafe and nothing more. Every passion in 
turn tells the same story. A purely disembodied human emotion is a nonentity.” 
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ment ’’ even when these objects appear to be related causally to its emotion. 
The reaction in other ways also, is not adapted to the surroundings : “ the 
cat will dash itself repeatedly against the sides of the cage and neglect a 
ready avenue of escape.” All the pseudajffective (bodily) reactions '' cease 
abruptly at the end of the stimulus without leaving any of the residue 
(mewing, trembling, hi(^g) ordinarily observed after ‘ true ’ (‘ felt ’) emo- 
tional states.” The activity induced by hypothalamic stimulation seems to 
carry no greater emotional connotation than would contraction of muscle 
induced by stimulation of a motor nerve. Further, if the hypothalamus is 
stimulated while the animal is behaving normaUy, its activities continue 
almost unchanged until mechanically interfered with by the motor components 
of the induced responses. For instance, during hypothalamic stimulation, an 



Fig. 428. — ^Demonstration by the Method of Physiological 
Neuronography of the Great Wealth of Interconnections 
between H 3 T)othalamus, Thalamus and Cortex (Cat) which 
Integrate these Masses into a Functioning Entity. 

(Murphy and Gellhom, J. Neurophysiol,, 1946, 8, 440.) 

Left : fibres ftom deep nuclei to cortex. 

B^ht : fibres from cortex to deep nuclei. 

GC., cingular gyrus. P.S.G., M.B.G., G.P., various cortical gyri. C.S., 
cruciate sulcus. D,M., V.L., dorsomedial and ventrolateral nucleus 
of thalamus. HYPO., hypothalamus. 

(There is of course no need to make any attempt to remember the details 
shown in the Figure.) 

animal wiU often continue as best it can to lap milk, purr, clean its fur, or 
respond to petting despite the appearance of the typical changes of ‘‘ sham 
rage.” These results must be contrasted with the immediate abandonment of 
feeding or purring under the influence of true (complete) rage or fear set up 
in the cat, for instance, by the sight of a dog. 

(2) In man, intravenous injection of adrenaline, which produces intense 
and generalized sympathetic overactivity, though it gives rise to vague 
symptoms of disquiet, due in part to the violent impact of the heart beating 
forcibly and sometimes irregularly against the chest waU, does mt give rise 
to an affective state in any way comparable to that experienced in fear, 
an emotion in which sympathetic overaction is so prominent a feature. 

(3) The clinical evidence (p. 663) makes it quite certain that the mental 
and physiological sides of an emotion can be completely dissociated : a 
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patient with emotional palsy may feel deeply but displays no bodily changes ; 
a patient with a pyramidal tract lesion may manifest the viscero-somatic 
changes which ordinarily accompany emotions but in his case the ‘‘ affect ” 
is lacking (he feels nothing). But though the viscero-somatic changes are 
not solely or even mainly responsible for the affect, they may modify it to 
some extent. Afferent impulses from the viscera are normally few (in con- 
ditions which do not give rise to pain), but they are presumably set up in a 
modified form when the state of the viscera is altered ; again, afferent im- 
pulses from the body wall may be numerous in emotional states. The backlash 
occurring during the emotional exteriorization may contribute to, or modify, 
the effective state, but it reinforces rather than initiates the affect. (Thus 
the actor may be really moved by his acting, i.e. by voluntary simulated 
emotional exteriorization.) 

More important than the backlash from the body is the complex sustained 
activity of the higher levels of the central nervous system which is set up 
by any situation inducing intense emotion. Thus we find that after removal 
of the cerebral cortex the pseudaffective reactions of anger or defence though 
violent (as already emphasized) are short lived, and when compared with the 
responses of the whole animal in a like situation are “ simulacra of mere 
flashes of mimetic passion.” 

The remaining two possibilities mentioned above, (i) does the emotion 
felt precede the bodily changes or (ii) do the emotion and the bodily changes 
occur simultaneously, represent an attempt to draw a distinction where 
there is little difference. The cortex and subcortex can no longer be con- 
sidered as relatively independent levels, one higher, the other lower. It is 
clear that the cortex, especially of the prefrontal lobes, the thalamus, and 
the hypothalamus, are so closely interconnected that in the intact person 
they function as an integrated whole. In emotions, activity develops in large 
areas of the brain ; these set up a discharge to viscera and muscles {the exterioriza- 
tion), and at the same time in an unknown manner they give rise to the mental 
state. The evidence set out on pp. 670 et seq. indicates how important is the 
role of the prefrontal cortex and hypothalamus in relation to both these 
aspects of emotion. 


CONNECTIONS AND FUNCTIONS OF THE PREFRONTAL 

LOBES 1 

The prefrontal lobes are the parts of the cerebral cortex which lie anterior 
to the excitomotor cortex (areas 4 and 6 and the frontal eyefield region of 
area 8) and which extend on to the medial aspect of the hemisphere as far 
back as the anterior end of the corpus callosum and so include the precallosal 
part of the oingular gyrus (area 24).^ The prefrontal lobes increase markedly 
in size as one ascends the phylogenetic scale ; but it should be emphasized 
that the parietal and temporal lobes enlarge even more conspicuously. 

Connections of the Prefrontal Lobes.® — These are mainly to and fro 

^ Synaposium on Frontal Lobes, Res. PvJbl. Assoc, nerv. meTit. Dis., 1948, 27. 

® This region is now frequently called the frontal lobes by clinicians ; strictly the 
frontal lobes are the parts of the cerebral cortex anterior to the central sulcus and so 
include the excitomotor areas. 

3 Le Gros Clark, Lancet, 1948, i, 363. 



CONNECTIONS OF PREFRONTAL LOBES 669 

witli the thalamus and hypothalamus ; connections are also estabhshed with 
other regions of the cerebral cortex. 

Afferent Connections (Fig. 429).— (1) Many fibres pass from the medial 
nucleus of the thalamus to most of the areas of the prefrontal lobes (areas 8, 
9, 10, 11, 12 on the lateral and adjacent medial surface ; areas 44-47 in the 
inferior frontal convolution). Groups of cells in this thalamic nucleus project 
on to circumscribed areas of the cortex. As the medial nucleus of the thalamus 
receives afferents from the hypothalamus it follows that the impulses that 
reach the prefpntal lobes via the medial nucleus represent a “ resultant 
of hypothalamic as well as of thalamic activity. 

(2) Fibres from the anterior nucleus of the thalamus project on to the 
precallosal part of the cingular gyrus (area 24). It is known that the hippo- 
campus sends fibres via its efferent tract, the fornix, to end in the mammillary 
bodies of the hypothalamus whence a new relay transmits the impulses 
to the anterior thalamic 
nucleus. Whatever its 
functions (which are 
obscure), the hippocampus 
is ultimately projected on 
to a prefrontal suppressor 
area (area 24). 

Closed-circuit Con- 
nections WITH THE 
Thalamus. — Like most 
regions of the cerebral 
cortex, the prefrontal lobes 
establish to-and-fro con- 
nections with the anterior, 
medial, and the adjacent 
so-called ‘‘ intralaminar ” 
thalamic nuclei; this type 
of closed circuit, as dis- 
cussed on p. 617, is re- 
sponsible for the ‘'resting’’ 
electrocorticogram or 
electroencephalogram. 

Intercortical Connections. — (1) Area 32 (on the medial surface, 
dorsal to the cingular gyrus (area 24)) receives afferents from the frontal 
suppressor areas 8s and 24s (Fig. 429) and also from the other suppressor areas 
(4s, 2s, 19s). No other connections of area 32 are known. The significance of 
this intensive subjection of area 32 to such widespread suppressor influences 
is not understood. 

(2) A long tract runs back from the frontal eyefield in area 8 to area 18 in the 
occipital lobe (theparas^na^e area, which surrounds the visual cortex and receives 
afferents from it). The frontal lobes are thus linked with the visual system. 

(3) Fibres from the prefrontal areas 44—47 (and also from the occipital 
area 18) pass into the temporal lobes. The prefrontal lobes thus establish 
connections, both direct and roundabout {i,e. via area 18), with the temporal 
lobes which in their turn receive numerous association fibres from most parts 
of the cerebral cortex. (Fig. 430.) 



429. — ^Main Afferent Connection of Prefrontal 
Lobes. TLe Gros Clark, Lancet, 1948, i, 354.) 

Medial aspect of right cerebral hemisphere. 

A « Anterior nucleus of thalamus. 

Medial (dorsomedial) nucleus of thalamus. 

P= Fibres from hypothaJamus to M. 

V « Mammillothalamio tract. 
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Efferent Connections (Fig. 431). — (1) The suppressor bands 8s and 
24s discharge to the caudate nucleus (p. 621). 

(2) Most of the prefrontal lobe areas project mainly to the hypothalamus 
(and thus indirectly influence the autonomic nervous system and the posterior 

pituitary) and to the grey 
matter of the tegmentum 
(midbrain) and reticular 
formation of the pons. 

As the prefrontal lobes 
are Linked up with the 
thalamus and the hypo- 
thalamus by so many 
fibres passing in both 
directions, the whole 
system may be considered 
as functioning as an 
integrated whole. The 
prefrontal lobes are linked 
up with the cortical visual 
Fig. 430. — ^Association Tracts connecting Prefrontal areas and the temporal 
Lobes with Occipital and Temporal Lobes. (Le lobes ; they also affect the 
Gros Clark, Lancet, 1948, i, 365.) autonomic nervous system 

ikrferaZ aspect of cerebral hemisphere. hypothalamus 

(and also more directly via the brain stem). The activities of the nervous 
“ complex ” consisting of prefrontal lobes, thalamus, and hypothalamus are 
correlated with some' of the higher intellectual activities, the personality, 
emotional affects and forms 
of behaviour of social 




Experimental 
Studies. — 1. Results of 
Ablation. — Some of the 
more striking consequen- 
ces of ablation of the 
prefrontal areas in monkeys 
are summarized below. 

(1) Alterations of 
Activity. — In the monkey, 
prefrontal ablations, 
especially those involving 
area 13 (on the orbital 
surface) (Fig. 432) produce ^31. — ^Maia Efferent Connections of Prefrontal 

initially a state of apathy : 

hbp ATiiTTifll fiita n ikftfdioi aspect of right cerebral hemisphere. 

me animal sits Wltn ^ a M=Medi£ (dorsomedial) nucleus of thalamus. 

blank expression on its H=Tract from hypothalamus to posterior pituitary, 

face, the head is drooped, body-MammiUary body. 

and it stares into space ignoring the approach of human beings ; such 
movements as are carried out are sluggish. After some days or weeks 
the animal passes into a state of hyperactivity which persists unchanged 
for months. The animal is constantly on the move, incessantly wallong 
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or pacing about ‘‘ like a caged lion ” ; the movements are without aim 
and the animal seems unable to control or check them. Sometimes the 
movements become almost maniacal in their violence ; they cease during 
the hours of darkness. 

(2) Alterations in Emotional Exteriorization. — ^Monkeys were 
trained to discriminate between weights; when they chose the heavier 
weight correctly they were suitably rewarded. The postcentral gyrus was 
then extirpated, with the result that discrimination was grossly impaired. 
The animal, finding itself in difficulties about choosing correctly, often flew 
into a tantrum of rage and annoyance. These tantrums were abolished by 
lesions experimentally placed in the prefrontal lobes in area 24 (Fig. 431). 
Cases have been recorded in which transverse lesions of the posterior margins 
of areas 13 and 14 have produced a clinical 
state resembling the “sham rage” of the 
decorticate animal (p. 664). 

(3) Alterations in Social Behaviour. — 

Unilateral or bilateral ablation of the rostral 
part of the cingular gyrus was immediately 
followed by marked changes in social be- 
haviour.’- The monkey lost its pre-operative 
shyness and fear of man. It would approach 
the experimenter and examine his fingers 
with curiosity, instead of cowering (as it 
would normally) in the far corner of the 
cage. In a large cage, with other monkeys, 
it showed no grooming or acts of affection 
towards its companions ; in fact, it behaved 
as though they were inanimate. It woiQd 
walk over them, walk on them if they 
happened to be in the way, and would even 
sit on them. It would openly take food 
from its companions and appeared surprised 
when they retaliated ; it was not aggressive, 
but seemed merely to have lost its “social 
conscience.” 

(4) Impairment op Memory. — The monkey 
was shown two inverted cups, and food was placed under one of them ; 
the monkey was trained to raise the cup covering the food ; if it chose 
correctly it was given the food to eat. To test the memory a screen was 
placed between the monkey and the cups immediately after one had been 
filled. The normal monkey could still make a correct choice after the cups 
had been out of sight for 90 seconds ; after prefrontal ablation it might 
choose wrongly after an interval of only 5 seconds. 

2. Results of Stimulation, — The prefrontal areas by their connections 
with the hypothalamus and also by their direct brain stem connections can 
influence autonomic activities. Thus stimulation of area 13 produces changes 
in heart rate, blood pressure, and breathing (Fig. 433). Stimulation of the 
central end of the vagus fibres from the lungs produces circumscribed activity 

^ Ward J. Neurophysiol,, 1948, 11, 13. Glees et al, J, Neurol. Neurosurg. Fsychiat. 
1950, 13, 191. 



Fig. 432. — Orbital (inferior) 
Surface of Prefrontal Cor- 
tex. (After Ruch and 
Shenkin, J. Neurophysiol,, 
1943, 6 , 349.) 

Ol.T., olfactory tract 
OC, optic chiasma. 
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in area 13 and nowhere else in the cerebral cortex. Stimulation of area 8 
affects the motility and secretory activity of the gut. 

Effects of Excision of Prefrontal Lobes in Man.-~-The results in 
man are very variable and depend in part on the extent and site of the opera- 
tion and whether it is unilateral or bilateral ; graver disturbances are usually 
noted after bilateral excisions. If the excitomotor areas are spared there is 
no impairment of volitional movement or alteration in muscle tone or reflexes. 
Two case reports will be quoted, one in which the effects of the operation were 
minimal and another in which gross alterations in personality and behaviour 
appeared. 

(1) Case 1 was a mother of six children ; she had an extensive unilateral 
resection of the prefrontal area for tumour.^ After the operation, “ she was 
careful of her person, and orderly ; her sense of humour and insight were 

intact. She talked intelligently and neither 
more nor less than good taste demanded.’' 
Her powers of expression are illustrated by 
an extract from a letter written one year 
after the operation : We will often think 
of you at Christmas, and I am thankful I 
can picture you as you will be, the sunshine 
in the dining-room and the study, the cheery 
open fire, the children going out skating, 
slipping and sliding on the cold crunch of 
the snow.” Her short-comings may be 
illustrated by the following experience : 
“ Fifteen months after the operation she 
planned a simple supper for her brother 
and four members of her own family. She 
looked forward to it with pleasure and had 
the whole day for preparation. When the 
appointed hour arrived she was in the 
kitchen, the food was all there, one or two 
things were on the stove, but the salad was 
not ready, the meat had not been started 
and she was distressed and confused by her 
long-continued effort alone. With help, 
however, the task of preparation was quickly completed and the occasion 
fibually went off quite successfully.” It might be added by way of 
comment that many a woman without a maid might not even have 
ventured to issue such an invitation, and further, that the experiences 
described are not unknown when the housewife has both prefrontal lobes 
intact. 

(2) Case 2 in whom the larger part of both frontal lobes was excised 
showed impairment of emotional restraint ; he was aggressive and was 
free in his expression of hostility to those around him ; though impotent he 
boasted of his sexual vigour. Thus at the barber’s shop : This is a punk 
barber’s shop.” To the barber : “ Why don’t you go to a barbers’ school 
and learn how to give a good shave.” To the next man : “ You get the 
lousiest hair-cut in this place.” Or to the doctor : “ I will explain to you 

^ Penfield and Evans, jRes. Puhh Assoc. Res. nerv, merU, Dis., 1934, IS, 362. 



Pig. 433. — ^Effects of Stimulation 
of Area 13 on Blood Pressure 
and Respiration. (After 
Spencer, Phil, Trans, roy, Soc, 
B., 1894, m, 609.) 

Note rise of blood pressure and inhibition 
of respiration. 
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some otlier time wMe I explain the manner in which stock is stocked at the 
present time. You hear a man offering more than 100 shares of stock, go 
up to him and say, ‘ Save me 100 shares ’ — in other words you are not elected 
to take this stock until he sells all his stock at a certain price. I think a man 
should not be elected to that stock until he sells at one-eighth above the price. 
ObUigato fortissimo ! Bunk 1 Do you know what that means ? ’’ He is told, 
“ Not in the least,” and rephes, “ WeU, it means anything you want it to 
mean.” Dr. Brickner (D) reports the following conversation with his patient 
(P) in the bathroom. The patient began to scratch his genitalia. D : “ What 
are you doing ? ” P : “ I’m itching myself.” D : “ It looks to me you are 
masturbating yourself.” P : “ Well, I can do that too.” To quote the 
report : “He continued to rub his penis till he had an erection, exhibited 
same in an off-hand manner to the doctor, and then stopped playing with 
himself.” 

Further details of the effects of prefrontal lobe injury in man are given 
below in the discussion of the results of prefrontal leucotomy. 

Prefrontal Leucotomy. — The experimental finding recorded on p. 670 
suggested that deliberate lesions of the prefrontal areas might help certain 
types of mental disorder. The operation of prefrontal leucotomy was intro- 
duced by Moniz ; a burr hole is made on each side of the skull above the 
zygoma and behind the orbital margin. A special needle is introduced into 
the brain and carried through an arc upwards and downwards to cut the 
subcortical white fiibres in the plane of the coronal suture just anterior to the 
tip of the lateral ventricle. The aim of the operation is to s&oer the connections 
between the thalamus and the jprefrontal lobes. It should be remembered that 
when the deep thalamocortical connections are out most of the prefrontal 
cortex is put out of action as the cortical association fibres are relatively 
few (p. 669). 

The operation just described is a “ blind ” one, and the surgeon cannot 
select, precisely, the region which he is to damage or destroy and, in fact, the 
amount of tissue and the region damaged vary considerably; it is not 
surprising, therefore, that the reported results differ in patients who showed 
the same initial clinical disturbances. To an increasing extent therapeutic 
leucotomies are being carried out by an operation which enables the surgeon 
to see exactly what he is doing. The newer operations consist of section of 
selected parts of the corticothalamic connections or of excision of limited 
areas of the prefrontal cortex (topectomy),^ 

The type of mental disorder for which prefrontal leucotomy has been most 
helpful is that showing the cUnical picture of “ mental tension.” This is 
described as a “ persistent emotional charge ” sustaining and to some extent 
determining the chnical picture ; this “ charge ” is “ always of an unpleasant 
quahty, invariably distressing and sometimes intolerable to the patient. Its 
presence is shown by irritability, rage, fear or other forms of emotional 
excitation, insomnia, and on the motor side, restlessness, aggressiveness, 
destructiveness or impulsive behaviour.” 

Generally only chronic cases that have not responded to any other form 
of therapy have been operated on. Following the operation there is usually 
an initial state of confusion in which the patient has impaired memory, may 
not know who or where he is and generally shows marked depression of 
^ Beck et at,, J. mevi, JSci., 1950, 96, 157. 
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intellectual activity ; there may also be urinary (and occasionally fsecal) 
incontinence. Some cases pass through a phase of severe irritability in wHcIl 
they are restless, tear at their dressings and become abusive and violent on 
the slightest provocation ; they are usually ravenously hungry. These 
symptoms pass away gradually ; a proportion of the pationts (e.^. 30% in one 
carefully selected series) recover suj9Gloiently to leave the; mental hospital and 
live at home or to do useful work ; but they rarely fully regain their pre- 
illness personality and ability. 

The principal mental changes after leucotomy are illustrated below. 

There is a remarkable change in mood to one of “ visible happiness ” and 
cheerfulness ; one patient reported : I iSnd the world after all a nice place 
to live in.” After the operation it was said of another patient: “Her 
outstanding qualities now are her gaiety of spirits, her energy and love of 
life. The patient is easy going, a good mixer, and fond of social activities. 
She had a party the other evening and entertained her friends. She played 
the piano, played duets and games. Maud’s friends think that a miracle has 
happened. She is hke the person she was before she became ill, except that 
she is a much happier edition. A favourite phrase is ‘ I laughed and laughed ’ 
as she relates some joke.” 

The patient after leucotomy has a high opinion of his own abilities and is 
talkative and boastful ; but in fact he is less conscientious about his work, 
is less efficient and his higher intellectual activities are impaired. He cannot 
settle down, is easily distracted, and always drifting from job to job. One 
operated patient described himself as a salesman and supervisor in his 
father’s firm, but the father wrote : I am sorry he has not found a useful 
occupation yet ; being the son of the director he wanted to be appointed 
to a managerial post which he cannot possibly undertake. He travels to the 
city about three days weekly and is helping in the business for about an hour, 
when he will go off for coffee, return for a little while, and go for lunch, 
returning usually to his home in the early afternoon.” The frequent change 
of job is partly due to inefficiency and partly to restlessness, though the 
patient regards it as evidence of ready adaptability. A motor mechanic 
wrote a year after leaving hospital : “ I have got on well since I left. I 
have been doing nursery work and find it interesting. Before this I worked 
as a gardener at a hospital here, as a mechanic, also as a sheet-metal worker 
under a friend of mine, and as a farm labourer.” The patients often show 
a great diversity and midtiplicity of hobbies and light interests. “ I still 
have my large flights full of birds. I have forty canaries, also budgerigars 
and British birds. I keep them mostly for shows. Also I read a lot of books. 
I have my four hives of bees to look after as well. And I still have my music 
practice, as I have played a piano accordion for three years now.” But there 
is a marked loss of interest in serious matters. One patient wrote : “A great 
many strong opinions that I used to have seem to have disappeared altogether. 
I had, in spite of certain intelligent doubts, great religious faith, but now I 
seem to have no enthusiasm for any kind of religion.” There is something 
shallow about their character ; they lack personal friends. “ She has not 
made any new friends ” ; “ Nobody would be bothered with her ” ; ‘‘ Nobody 
would make a pal of her, she considers herself fixst always ” ; “ She is not a 
person you could either like or dislike. She is completely colourless ” ; 
“ There is a kind of vacancy about her.” 
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The relations may find leucotomized patients difficult to live with. The 
main complaints were (i) shallowness of feeling and lack of affection and of 
consideration for others, even for children ; (ii) domineering manner, self- 
willed stubbornness, and inaccessibility to reason; and (iii) outbursts of 
temper and irritability, with no regret for injury done to others. Lack of 
affection was especially distressing to people who had shown the utmost 
consideration for the patient returning after a long absence. They found 
that the patient accepted it as a matter of course. Wives and children 
felt the emotional estrangement and indifference, and suffered under it. 
“He is not like his old self ; for instance he does not take the interest he 
should in our little girl, aged three years. He doesn’t play with her like 
other fathers. He cares for no one but himself.” Patients do not worry 
even when they have cause to do so. “ He is so far from worrying that he 
seems to treat without much gravity really serious circumstances. He behaved 
with his usual calm during a rather unpleasant miscarriage I had in the 
spring, and attended his badminton club, the cinema, and a fishing excursion 
just as usual.” The patient tends to become a “ spiv ” type ; or as one woman 
said of her husband : “ he is much better but he has lost his soul.” In suc- 
cessful cases the symptoms of the previous psychosis (delusions, hallucinations, 
obsessions, ritual activities such as the endless washing of the hands, sense of 
guilt and anxiety) more or less disappear.^ 

On the whole there is little irresponsible or perverted behaviour in sexual 
life, inside or outside marriage, and few reports of serious conflict with the 
law. 

Some patients die weeks or months after the operation from marked 
wasting or uraemia, resulting it is thought from interference with the cortical 
control of visceral functions.^ 


CONDITIONED REFLEXES 

Pavlov recognized two distinct classes of reflexes. 

(i) The inborn or unconditioned reflex which is present in all normal 
members of a species : i.e. what is generally called a reflex, such as the knee- 
jerk, light reflex, secretion of saliva when food is introduced into the mouth 
(Fig. 434), and the flexor reflex. 

(ii) The acquired or conditioned reflex which depends for its appearance on 
the formation of new functional connections in the central nervous system, 

^ Another striking example of the sort of personality change that may he produced 
by leucotomy is set out below. Encephalitis lethargica in children, damaging many 
parts of the brain, especially the basal ganglia, may convert the patient into “ a little 
devil,” with uncontrollable and vicious impulses leading to anything from excessively 
naughty to grossly criminal acts. One patient was taken iU at the age of 10 : she 
subsequently developed temper tantrums, screaming attacks and destructive impulses. 
She smashed windows and broke crockery, assaulted other children and told lies. 
Ultimately she became so unmanageable that she was confined to hospital. Bilateral 
leucotomy was carried out at the age of 31. She subsequently settled down quietly to 
hospital routine, remained of an even temper, and was cooperative in simple daily ta^ ; 
she was contented and could now be allowed home on parole. Her mother reported 
that she was stiU somewhat impetuous, self-willed and unable to concentrate for any 
length of tune. 

2 McLardy, J. Neurol. Neurosurg. PsychuU., 1950, 13, 106. 
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and is therefore peculiar to the individual. The term ** conditioned ** rftfprp 
to the fact that certain conditions must be present if this class of response 3 
to develop. It would help clear thinking if these reactions were called 
conditioned responses, 

A simple example will illustrate how a conditioned reflex is established. 
The introduction of food into the mouth is a stimulus which sets up reflexly 
the unconditioned response of salivary secretion, and is therefore termed an 
unconditioned stimulus. If a neutral stimulus, e.g. the ringing of a bell, is 
applied so as to coincide with the unconditioned stimulus (the taking of food), 
and if the procedure is repeated several times the initially neutral stimulus 
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Fig. 434. — ^Reflex Arcs of Excitatory and Inhibitory Conditioned Reflexes. 

Note reflex arc of “ unconditioned ** salivary secretion in response to taste. The reflex arcs of excitatory 
conditioned reflexes to a tone and to light are shown. The “ inhibitory tone ’* first inhibits the 
response to the ** excitatory tone and later by irradiation that to light also. 


finally acquires fresh properties (and nervous connections) and can now of 
itself elicit a secretion of saliva (Fig. 434:). The flow of saliva in response to 
ringing the bell is an example of a conditioned reflex ; the procedure of ringing 
the bell has become for the individual under experiment a conditioned stimulus 
(^.e. one which elicits a conditioned reflex). 

Conditioned reflexes are always built up primarily on the basis of inborn 
reflex^. The salivary retlex is the usual reaction employed because the 
response of the glands can be expressed quantitatively in terms of the volume 
of saliva secreted. The salivary duct is usually brought up to the surface, 
the saliva is collected, and the volume automatically recorded ; to prevent 
extraneous factors influencing the animal it is usual to have the observer and 
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the recording apparatus in a separate room from that in which the experimental 
animal is placed.^ 

Establishment of Positive or Excitatory Conditioned Reflexes. — 

(1) The animal must be alert and in good health, and there must be complete 
freedom from all simultaneously operating nervous influences. 

(2) The conditioned stimulus (or rather the external stimulus which is to 
become the conditioned stimulus, e.g. for eliciting the salivary flow) must 
begin to operate before the unconditioned stimulus is applied ; e.g, the bell 
must begin to sound before any food is put into the mouth. [If the reverse 
order is followed, and the new external stimulus is applied after the uncon- 
ditioned stimulus, it fails to acquire any new properties.] The conditioned 
stimulus must also be allowed to continue to act so as to overlap the 
unconditioned, i,e, the bell continues to ring while the animal is being fed. 

(3) Almost any stimulus if suitably employed may become a con&tioned 
stimulus ; it may be one to which the animal was previously indifferent, 
or even one which is nocuous in character. Nocuous stimuli normally elicit 
an “ unconditioned defence reaction ” ; but, in spite of this, if they are 
not too severe and are suitably combined with the administration of food they 
may become conditioned stimuli eliciting a salivary flow, and no movement 
of defence whatever occurs. 

(4) Necessity for Reinforcement, — For a conditioned stimulus to retain 
its new properties it is essential that it should always be followed by the 
unconditioned stimulus. Thus, in the example previously mentioned, if 
ringing of the bell (conditioned stimulus) is carried out several times alone, 
and is not followed by placing food in the mouth (unconditioned stimulus), 
it soon ceases to elicit a salivary flow — ^in other words, the signal has become 
misleading, it no longer heralds the administration of food and so is ignored 
(p. 679). Th e process of following up a conditioned stimulus with the basic 
unconditioned stimulus iFTermed reinforcement , 

(5) The disappearance of a natural agency may become an effective con- 
ditioned stimulus. Thus a bell is rung continuously while the dog is brought 
into the experimental room. The sound is then cut out and food is adminis- 
tered. After several repetitions the cessation of the sound becomes an effective 
conditioned stimulus ^ ; and the same applies to a diminution in the loudness 
of the sound. 

(6) Duration of Time as a Conditioned Stimulus, — The animal is fed at 
regular intervals, e.g, every 30th minute. After a time it is found that even 
when the feeding is omitted, salivary secretion occurs at the 30th minute. 
Or the experiment may be varied as follows : feed the animal every 30th 
minute, but a few seconds before giving food a metronome is sounded, t.e. 
the conditioned stimulus now consists of the time interval plus the sound 

^ The concept of conditioned reflexes is by no means new. Leibniz, in his Mona- 
dology (1714), writes as follows : “ Memory provides the sonl with a kind of consecutiveness 
which resembles reason, but which is to be distinguished from it. Thus we see that when 
animals have a perception of something which strikes them, and of which they have 
formerly had a similar perception, they are led by means of representations in their 
memory to expect whai was combined with the thing in the previous perception^ and they 
come to have feelings similar to those they had on the previous occasion. For instance, 
when a stick is shown to dogs, they remember the pain it has caused them and howl and 
run away.” 

® As happened to Londoners during the Second World War with the “ cut-out ” of 
flying bombs. 
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of the metronome. When the reuponpe has become well esi ablished, it is 
found that sounding the metronome at the 29th minute is inefiective, thougb 
it gives a complete reaction at the 30th. 

(7) 8econ£oi,ry Conditioned Reflexes. — These are built up on the basis of an 
already firmly conditioned reflex, instead of directly on the unconditioned reflex; 
e.g. if a fresh neutral stimulus is suitably applied in conjunction with ringing 
of the bell (which is already a conditioned stimulus) it finally becomes a 
conditioned stimulus too. 

(8) There is yet a further method of developing conditioned reflexes 
which is of great clinical interest. Inject apomorphine — ^this produces in 
the dog salivation, retching, and vomiting ; 1~2 minutes after the injec- 
tion, sound a tone and continue during the time that the characteristic 
symptoms make their appearance. After several repetitions, sounding the 
tone is sufficient to induce the symptoms of the drug, though to a lesser 
degree. Similarly after several injections of morphine in the dog, the pre- 
liminary procedures of sterilizing the needle, cleaning the skin, etc., produce 
typical symptoms such as nausea, salivation, vomiting, and sleep. In some 
cases the mere sight of the experimenter is sufficient to produce the same 
result. It is well known clinically that after a course of injections of 
hypnotic drugs the injection of saline may have a powerful hypnotic efiect; 
similarly a sleeping draught can be gradually diluted to a considerable 
degree and yet remain quite effective. 

It has often been noted that asthmatics, who develop attacks in the 
presence, say, of a rose, will be equally affected by an artificial rose. It may 
be supposed that the appearance (colour, shape) of the rose has become 
a conditioned stimulus grafted on to the basic stimulus of the chemical 
constituents of the flower. 

The secretion of gastric juice in response to the sight of food is also an 
example of a conditioned reflex. In puppies brought up on a milk diet, 
the sight of bread or meat arouses no gastric secretion ; it is only after these 
foods have been consumed on several occasions that the mere sight of them 
becomes an effective conditioned stimulus for gastric secretion (cf. p. 777). 

Conditioned reflexes are mediated by the cerebral cortex ; they disappear 
when the cortex is completely removed. Fig. 434 indicates diagrammatically 
how the region of the cerebral cortex which receives the impulses set up 
by the “ conditioned ” stimulus is believed to establish new functional 
connections with the basic (inborn) reflex arc. 

Conditioned Inhibition. — So far we have been dealing with positive 
conditioned reflexes involving excitation of the nervous system and leading 
to activity of muscles or glands. We have next to consider phenomena of 
inhibition in connection with conditioned reflexes. These may be divided 
into two quite distinct groups — external and internal. In external inhibition 
a positive conditioned reflex is weakened or abolished as a result of some 
competing excitatory reaction which is operating at the same time. By internal 
inhibition is meant that a stimulus may be made to acquire the power of setting 
up an inhibitory state in the cerebral cortex. 

1. External Inhibition. — (1) Temporary. — The jjresence of any exr 
traneous stimulus while the conditioned stimulus is being applied prevents 
the appearance of the conditioned reflex for minutes or even days. The 
new stimulus arouses the animal’s curiosity ; the animal looks at and smells 
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the new object and ignores the conditioned stimulus ; but if the disturbing 
stimulus is repeated on many occasions and thus becomes familiar it ceases 
to have this inhibitory influence {Le. it is itself ignored). 

(2) Permanent. — Sometimes the inhibitory influence of the extraneous 
stimulus is of a more lasting character. Suppose the introduction of weak 
acid into the mouth has been developed into a conditioned stimulus ; if 
concentrated acid is applied so as to produce severe irritation of the 
buccal mucous membrane, no conditioued reflex to acid can be obtained until 
the condition of the mouth is restored to normal (“ once bit, twice shy 

2. Internal Inhibition. — (1) Dipeerential Inhibition. — When a 
conditioned reflex is successfully established, e.g. to a tone of 1000 double 
vibrations (d.v.) per second, many other tones simultaneously acquire similar 
properties though to a less degree. This is referred to as the period of 
generalization — ^when a series of accessory reflexes spontaneously develop 
around the central reflex. The definitive conditioned stimulus (1000 d.v.) is 
now regularly reinforced, but the neighbouring tones (e,g, 950 d.v.) are never 
reinforced ; the power of differentiation rapidly develops, i.e, the animal 
responds strongly to the definitive stimulus but gives no reaction to related 
stimuli. It can be shown that the unreinforced related stimuh develop 
inhibitory properties as a result of this period of differentiation (Fig. 434) ; 

(1) They show an inhibitory after-effect on the positive conditioned 
reflex : 

12.10. Tone (positive conditioned reflex) : 6 drops saliva (reinforced). 

12.25. Tone J lower (never reinforced) : 0 drops saliva. 

12.26. Tone : 0*5 drops saliva (reinforced), 

t.e. less than reaction at 12.10, showing presence of an inhibitory 
after-effect. 

12.56. Tone : 4 drops saliva (reinforced), 

Le. inhibitory after-effect has nearly passed away. 

(ii) Repetition in rapid succession of the unreinforced related stimuli gives 
rise to a larger inhibitory after-effect (a process of “ summation ”). 

(2) Extinction. — It has already been mentioned that if a conditioned 
stimulus is not followed by the unconditioned stimulus — i.e, if reinforcement 
is not carried out — ^the conditioned reflex is gradually weakened and finally 
extinguished. 

Example : Conditioned stimulus repeated without reinforcement at 
2- minute intervals. The salivary reactions in drops were successively : 
10,7,8,5,7,4,3. 

A conditioned refiex which has thus been extingmshed tends to return 
spontaneously ; the depth of extinction may be measured by the time which 
elapses before the refiex returns to its original intensity. 

We suggested above that extinction was simply due to the ammal 
ignoring a signal which had repeatedly proved to be misleadmg. ^ This, 
however, by no means represents the whole truth ; there is evidence 
that the process of extinction involves in addition the development of an 
inhibitory state in the cortical centres. Thus during the development of 
extinction, other conditioned reflexes which may be present in the animal are 
also weakened, not only conditioned reflexes built up on the same inborn 
reflex, but even those based on other inborn reflexes. Further, if the 
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Tinreiiiforced conditioned stimnlns is repeatedly applied after extinction is 
complete, it deepens the state of inhibition in the cortex (cf. p. 683). This 
is called by Pavlov extinction beyond the zero, 

(3) Conditioned Inhibition. — The method of iadncing conditioned 
inhibition — i,e, a conditioned reflex of an inhibitory or negative character 
as contrasted with the positive or excitatory conditioned reflexes discussed at 
first — ^is as follows : 

Establish a positive conditioned reflex in the usual way : let us suppose 
that the conditioned stimulus is the sound of a metronome. Now apply 
an additional stimulus in conjunction with the conditioned stimulus, care- 
fully observing certain time relationships which will be described immedi- 
ately ; present this combination on many occasions and never reinforce (with 
the basic unconditioned stimulus), i.e, never give food. It is finally found 
that the combination gives no salivary response, and that the additional 
stimulus has acquired the power of inducing an inhibitory state in the corteoo-- 
i.e, it is now a conditioned inhibitor. 

Time Relation>ship,-^To become an inhibitor the additional stimulus 
must overlap at some stage with the conditioned stimulus, though its onset may 
precede, coincide with, or foUow the onsei of the conditioned stimulus, as 
shown in the diagram. 

I 1 I I i I I I I I I I I I I Conditioned stimulus 
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It can be demonstrated that the additional stimulus, when presented alone, 
can inhibit other positive conditioned stimuli with which it has never previously 
been combined, both stimuli based on the same or on other inborn reflexes ; 
it is claimed that it may even inhibit the inborn reflex itself. 

Experiment: Two positive conditioned reflexes have been set up: the 
conditioned stimuli are (i) the flash of a lamp, (ii) a rotating object — each 
of which when presented separately induces salivary secretion. 

The rotating object (only) was then appropriately combined (supra) with 
a tactile stimulus, so that the compound stimulus produced no salivary 
secretion. The tactile stimulus thus became a conditioned inhibitor. The 
following observations were then made : 


Time. 

Stimulus applied for 1 minute. 

Saliva in drops. 

1.38 p.m. 

Eotating object 

16 

1.60 .. 

Flash of lamp 

17 

A. 2.14 .. 

Flash of lamp -I- taetile stimulus 

2 

2.26 „ 

B.2.43 „ 

Routine reixiforcement of rotating object 
by feeding 

Rotating object -1- tactile stimulus 

0 


Additional stimulus 
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Note that either the rotating object or the flash of the lamp presented alone 
gave a well-marked salivary flow ; when the flash was combined for the first 
time with the tactile stimulus (which was the additional stimulus in the 
inhibitory combination) the secretory response was reduced to only 2 drofs 
(line A). Obviously the additional stimulus (the tactile stimulus) has 
inhibited another positive conditioned reflex. In line B we see how the com- 
bination of the tactile stimulus with the rotating object gives no flow at all, 
though the rotating object alone gives a good flow and has just been 
reinforced. 

Such observations prove that the additional stimulus has become a 
conditioned inhibitor^ i.e. one that has acquired inhibitory properties. 

The inhibitory combination can be shown to exert an inhibitory after-effect 
on its own and other conditioned reflexes. 

Experiment : Positive conditioned reflex established : conditioned stimulus 
(one which produces salivary flow) is rotating object. Rotating object plus 
tone form an inhibitory combination, i.e. they give no salivary secretion; 
the tone is, therefore, the conditioned inhibitor. 

The following observations were then made : 


Time. 

StimnluB during 30 seconds. 

Salivary flow (drops). 

3.5 p.m. 

Rotating object (reinforce) 

7 

3.26 „ 

Rotating object (reinforce) 

6 

3.38 „ 

Rotating object + tone 

0 

3.58 „ 

Rotating object 

1 

4.10 . 

Rotating object 

2 


It will be noted that the inhibitory combination was applied at 3.38, 
and that at 3.58 and at 4.10 the positive response to the rotating object 
alone was still very feeble, 1 and 2 drops respectively, instead of 6 or 7 as 
at first (inhibitory after-effect).^ 

Use of Differentiation in Study of Analysers.— Pavlov used the 
term analyser to refer to the peripheral sense organ and the cortical cells 
(“ centre ”) in which the afferent path ends. The analysis of external stimuli 
is effected partly peripherally (p. 550) and partly centrally. The functional 
capacity of the various analysers — e.g. auditory, visual, tactile, can be in- 
vestigated by the method of differentiation : a positive conditioned reflex 
is established and regularly reinforced ; closely related stimuli are never 
reinforced, and one determines whether they develop inhibitory properties— 
which would be proof of satisfactory differentiation. The following results 
have been obtained in the dog. It by no means follows (in fact, it is most 
improbable) that exactly similar conditions exist in man. 

Acoustic Analyser. — Small variations in intensity, and intervals of of 
a tone {e.g. difference between 800 and 812 d.v.) can be readily distinguished. 
The upper range for pitch in the dog (60,000 d.v.) is much higher than m 
man. The effects of injury to the central or peripheral part of the analyser 
can be readily studied. Division of the corpus callosum results in loss of the 
power of localizing the side from which a sound comes. 

1 It is, of course, tempting to compare this inhibitory after-effect with the inhibitory 
afber-disoharge described for simple redezes (p. 544). 

22 * 
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After removal of both temporal lobes in the dog, auditory conditioned 
reflexes still persist to some extent and elementary differentiation can still be 
effected. Though the principal part of the auditory analyser is located in the 
temporal lobes, extensions of it are dispersed widely over a larger area of 
the cortex ; possibly the outlying parts are only capable of cruder analytical 
activity (cf. p. 574). 

Cutaneous Analyser. — This analyser in the dog can recognize small 
differences of temferature (1° C.), the precise site of stimulation, and the 
difference between rough and smooth (cf. p. 569). 



Rig. 436. — ^Visual Differentiation in the Dog. 

The vaiious figures shown were successfliHy differentiated (by the method of 
differential inhibition) from the white cross. (Pavlov, Owiditioned 
R^flexeSf translated by Gt. V. Anrep. Oxford University Press, 1927. 

Visual Analyser. — Very slight differences in luminosity can be appre- 
ciated : different shades of grey can be differentiated which appear identical 
to the human eye. The colour sense, however, is very rudimentary. A 
circle can be distinguished from an ellipse, the limit being when the axes 
of the latter are in the ratio of 9 to 8. The various figures shown in Fig. 435 
were successfully differentiated from the white cross. 

After extirpation of both occipital lobes object vision completely dis- 
appears ; with limited injuries it is possible to demonstrate loss of parts of 
the field of vision (cf. p. 580). The interesting observation has been made that 
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the anterior part of the cerebral cortex in the dog is capable of rudimentary 
visual analysis : when the posterior half of the cerebrum is removed, stable 
conditioned reflexes can still be established to changes in the intensity of 
illumination, and the animal can avoid dark objects in a bright room and walk 
out through an open door guided by differences in luminosity. 

Inhibitory Eppect op Prolonged Use op Excitatory Conditioned 
Replexes. — When an excitatory conditioned reflex has been elicited on 
many occasions over a prolonged period the response obtained tends to 
dwindle and disappear ; finally the conditioned stimulus develops inhibitory 
properties and may depress other conditioned reflexes which are present in 
the animal. If its use is discontinued other conditioned reflexes become 
enhanced. Sometimes, if an excitatory conditioned stimulus is applied 
repeatedly during a short period, the animal becomes inert, all positive 
conditioned reflexes disappear, and the animal may even decline the food 
which is offered it during routine reinforcement. If new stimuli are now 
applied, the animal brightens up and the other positive conditioned reflexes 
return. These observations illustrate well the depressing effect of monotony 
and the stimulating action of a change in the environment. 

Spread of Conditioned Inhibition. — Experiments will be described 
to show that when conditioned inhibition is produced it first affects 
small localized areas in one analyser, then it spreads to involve more of 
the same analyser; later, the effect may involve the greater part or the 
whole of the cortex, and finally the inhibition may reach the subcortical 
centres too. 

(1) Spread in one Analyser. — ^Positive conditioned reflexes are estab- 
lished in response to tactOe stimulation of four points (1, 2, 3, 4) on the skin 
of a limb, and a negative {inhibitory) reflex is established by differential 
inhibition to a fifth point 0. The spots are thus arranged (distances are 
measured from 0) (Fig. 436) : 

0 1 2 3 4 

(3 cm.) (9 cm.) (15 cm.) (22 cm.) 

Stimulation of points 1, 2, 3, or 4 yields 5 drops of saliva. 

Exft, : (i) Stimulate point 0 three times at 1 minute intervals : 0, 0, 0 drops. 

1 minute later stimulate point 1 : 0 drops (instead of usual 5). 

Fause (ii) Again stimulate point 0 three times as in (i) : 0, 0, 0 drops. 

1 minute later stimulate point 2 : 3 drops (instead of usual 5). 

Fause (iii) Again stimulate point 0 three times as in (i) : 0, 0, 0 drops. 

1 minute later stimulate point 3 : 5 drops. 

It is clear that the summated inhibitory effect of stimulating point 0 depresses 
the response from the adjacent spots 1 and 2 but not that from remoter spots, 
e,g. point 3. (See Fig. 436.) One can suppose that the central projection of 
the spots bears a somewhat similar relationship to that found in the skin 
(cf. p. 570) ; this experiment thus demonstrates that inhibition may involve 
adjacent parts of the analyser without affecting more distant points. 

The inhibitory after-effect set up by stimulating point 0 disappears in 
point 1 in 10 minutes, and in point 2 in 5 minutes ; i.c. recovery occurs first 
in the outer fringe of the inhibitory effect. 

(2) Spread to other Analysers. — ^W hen the intensity of the inhibition 
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is high it may involve other analysers, and conditioned reflexes based on 
them may be weakened (Fig. 434). 

: Positive conditioned stimulus 1 (tone 4000 d.v.), yields 12 drops. 
Semitone lower is given inhibitory properties by differentiation. 
Positive conditioned stimulus 2 (rotating object), based on another— 
the visual — analyser, yields 7 drops. 

(i) Apply tone : 12 drops. Reinforce. Apply semitone twice : 0, 0. 

1 minute later, Tone : 5 drops. 

(ii) Showrotatingobject : 7 drops. Reinforce. Apply semitone twice : 0, 0. 

1 minute later, Rotating object : 7 drops ; 
i.c, two repetitions of the semitone produces inhibitory effects on other 



Fig. 436. — Spread of Conditioned Inhibition in the Cerebral Cortex. 

0, 1, 2, 3, 4 : points on skin and corresponding regions of cutaneous analyser. 

The sign + (on the sMn area) Indicates that the stimulus was reinforced, 
and the sign — that it was not reinforced. In the cortex, + and — 
represent central excitation and centaral inhibition respectively. 

conditioned reflexes based on the same analyser, but not on reflexes based 
on another analyser. 

(iii) Apply tone : 12 drops. Reinforce. Apply semitone four times : 0, 0, 0, 0. 

1 minute later, Tone : 1 drop. 

(iv) Show rotating object : 7 drops. Reinforce. Apply semitone four 

times : 0, 0, 0, 0. 

1 minute later, Rotating object : 3 drops ; 
i.e. four repetitions of the inhibitory stimulus depress its own (auditory) 
analyser further, and also exert an inhibitory influence on the visual analyser. 

Recovery takes place more rapidly in the distant analyser. 

(3) Spkead to Whole Cortex. — ^When inhibitory reactions are being 
elicited, the following phenomena may be noted ; the inhibitory process 
involves the whole cortex, as proved by disappearance of all conditioned 
reflexes. Extraneous stimuli, unless exceptionally powerful, fail to elicit any 
reaction. The animal, nevertheless, “ maintains an alert posture : it stands 
with wide-open immova,ble eyes, head up, extremities extended, not seeking 
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support in the loops, remaining motionless sometimes for minutes and some- 
times fox hours. On changing the position of an extremity it retains the 
new position. The presentation of food brings about no reaction.” Pavlov 
suggests that the subcortical centres remain at work so that a posture not 
unlike that of decerebrate rigidity is maintained reflexly, but independently 
of the cortical centres. 

(4) Spread to Subcortex.— -Very often when differential inhibition is 
being carried out the animal becomes drowsy and falls fast asleep. The brain 
stem centres are now also inhibited as shown by loss of tone, relaxation of 
skeletal muscles, drooping of the head, sagging limbs, and body hanging 
limply in the supporting loops. 

On the basis of these observations, Pavlov has argued (probably wrongly) 
that natural sleep is merely a widespread process 0 / internal inhibition (of. 
p. 686). It is interesting to note, however, that sleep may be of a patchy 
character, leaving one analyser relatively free, as in the sleep of the anxious 
mother who is readily awakened by the slightest sound from her child. 

Cortical inhibition (or localized sleep ”) can be restricted to its own 
analyser by the appropriate application of excitatory conditioned reflexes. 
Thus a certain tone was turned into a positive conditioned stimulus ; various 
other tones up and down the scale were given inhibitory properties. If the 
inhibitory stimuli were applied too often, the animal fell into a deep sleep ; 
but if a suitable balance was kept between the excitatory and inhibitory 
stimuli, the animal remained alert.^ 

Sleep.2 — It will be convenient to consider at this point the phenomena of 
sleep and the views which have been expressed as to their causation and 
significance. 

Phenomena or Sleep. — The outward phenomena of sleep need no descrip- 
tion. There is a fall of blood pressure and a decrease in the heart rate ; 
there is no evidence of cerebral anaemia. The respiratory rate may be un- 
changed or even increased but the total pulmonary ventilation is decreased 
sufficiently to produce a rise in the CO 2 tension in the alveolar air and arterial 
blood. The metabolic rate is lowered ; thus in a six-year-old boy the hourly 
heat production was three times higher when he was awake than when he was 
asleep. Gastric tonus is unaffected, and well-marked hunger contractions 
may take place. A smaller volume of urine is secreted. Owing to CO 2 
retention there is a respiratory acidsemia which is compensated for by the 
kidney by the excretion of more acid and ammonium salts. Skeletal muscle 
is markedly relaxed, and in association with this loss of tone the dee]p reflexes 
{e,g, the knee-jerk) are abolished. Using accurate recording devices it can be 
shown, however, that the degree of restfulness varies, and periods occur when 
some degree of muscular activity can be detected. The normal plantar reflex 
is absent and is replaced by the Babinski response (p. 692) ; this indicates 
that the discharge &om the motor cortex is in abeyance during sleep. The 
light reflex can be readily elicited. The axis of the eyes may be deviated in 
any direction, but the pupils are always small. The position of the body as a 

^ See Pavlov’s book, Ccmditioned Reflexes : An Investigation of the Physiologist 
Activity of the Cere^eU Corley translated and edited by G. V. Anrep, Oxford University 
Press, 1927, for farther particulars ; the details of experiments cited in this chapter are 
all taken from this work. Another point of view is presented in Masserman, Behaviour 
and Neurosis, Chicago, 1943. 

® Kleitman, Physiol. Rev., 1929, 9, 624. 
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whole varies widely during sleep in different individuals and species. Soldiers 
have been reported to continue standing on parade or marchmg after falling 
asleep ; horses normally sleep standing on four legs. But as a rule the righting 
reflexes are lost during sleep. Cortical action potentials cease or are pro- 
foundly modified (p. 625).^ 

Effects of Peolongbd Wakefulness. — The general effects of this con- 
dition (familiar to the many who have experienced long periods of aerial 
bombardment) are common knowledge, but very few precise experiments 
have been carried out. Subjects have been kept awake for periods varying 
from 40 to 115 hours. Negligible physical changes were noted, and it is 
claimed that the mental capabilities were in no way diminished. This last 
conclusion can hardly be accepted as it is contrary to general experience ; 
probably the tests employed were of too simple and crude a character. Most 
people who have had inadequate sleep find it difficult to concentrate, are 
unable to carry out difficult mental activities, and have lost their normal 
alertness and sense of well-being. 

Theories of Sleep. — ^Literature is full of explanations of the purposes 
served by sleep : Sleep that knits up the ravelFd sleave of care, the death 
of each day’s life, sore labour’s bath, balm of hurt minds, great nature’s 
second course, chief nourisher in life’s feast,” and so on. Possibly the poets 
are right that sleep enables the body to recuperate from the effects of the 
toils and troubles of the day. But which part of the body needs such a 
prolonged recovery period ? As we have seen, the autononoio nervous system 
continues to function in much the same way during sleep as during waking 
hours, though there is possibly lessened sympathetic and greater para- 
sympathetic activity ; the vital centres in the medulla oblongata continue 
in the main to carry out their normal functions. It is the skeletal musculature 
(with the striking exception of the muscles used in rhythmic respiration) 
which is reduced to comparative quiescence ; sleep essentially involves 
reduced and modified activity or actual inactivity of the higher parts of the 
brain and especially of the cerebral cortex. We do not know why the cerebral 
grey matter should need these long periods of rest, but as pointed out on p. 492, 
the oxygen consumption of brain tissue is always very high. It may be 
supposed that the changes which take place in nerve cells are not fully 
recovered from during waking hours, and that a sort of “ debt ” is incurred 
which can only be discharged during periods of sleep. This view is a modifica- 
tion of the once fashionable hypnotoxin ” theory which suggested that a 
noxious chemical agent accumulates in the brain, and when present m 
sufficiently high concentration arrests cerebral activity which does not recover 
again till the alleged toxin is destroyed. Too little is known, however, of the 
metabolism of brain tissue to make these more than interesting and untested 
suggestions. 

Pavlov’s views that sleep represents a state of what may be called ‘‘ active ” 
cortical inhibition were discussed above (p. 685). Koch (p. 766) showed that 
afferent impulses from the carotid sinuses may produce a state indistinguish- 
able from sleep. But it is very difficult to see any real resemblance between 
the methods employed by Pavlov or Koch to produce sleep in experimental 

^ Depth of sleep varies during the sleep period. It reaches a maximum during the 
first hour, after which it fcradually diminishes, to decrease rapidly towards the time of 
waking. 
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dogs and tlie way in whicli we normally compose ourselves to sleep. Sleep 
cannot be regarded as an acquired reaction, wbicb conditioned reflexes 
(by definition) essentially are, in face of the fact that new-born babies 
sleep for some 23 flours a day and may flave to be wakened for tfleir 
feeds. 

It seems possible tflat tfle basic condition of tfle brain is tflat of sleep from 
wflicfl we flave to be actively stirred into wakefulness. Stress must be laid 
on tfle fact tflat to produce an efferent discflarge a continual afferent drive is 
usually needed. Tfle preparations for sleep reduce tfle sensory stream to a 
minimum level : tfle quiet room, tfle closed eyes, and tfle relaxation of tfle 
muscles all reduce tfle incoming impulses from tfle dominant distance 
receptors, and also from tfle proprioceptors. We may suppose tflat 
in tfle absence of an adequate afferent stream cerebral activity is 
suspended. 

Relation of Nerve Centres to Sleep. — ^Developing tflis tfleme it flas 
been suggested tflat sleep may be tfle result of some “ block at tfle level, 
say, of tfle tflalamus, wflicfl cuts off tfle cerebral cortex from afferent impulse 
streams. Tflere is a good deal of evidence tflat sleep and wake are related 
to tfle state of tflis level of tfle brain. Disturbances of tfle flypotflalamic 
nuclei, for example, may be associated witfl derangements of sleep (p. 718). 
In encepflalitis letflargica, derangements of sleep are common, either in tfle 
form of prolonged periods of sleep or in tfle inverse form of marked sleepless- 
ness. In these cases Economo found lesions in tfle grey matter surrountog 
tfle third ventricle and tfle Sylvian aqueduct. He suggests tflat these regions 
act in some way as a ‘‘ sleep centre.” It is more likely tflat disease of tflis 
neighbourhood may interrupt essential ascending or descending tracts. 
Disorders of sleep may occur without apparent involvement of tfle principal 
long sensory or motor patlis. 

Injection of ergotamine (ergotoxin) into tfle third ventricle of animals 
may induce sleep of a seemingly normal character. Tfle significance of this 
observation is difficult to assess. Tfle sleep may be the result of tfle action 
of tfle drug on tfle adjacent flypotflalamic nuclei. 

Hess flas described a technique by means of wflicfl special insula^d, 
fine-pointed electrodes can be introduced into tfle brain of unansestfletized 
normal animals and localized areas may thus be stimulated. If tfle grey 
matter in tfle midline in tfle region extending backwards from tfle tflalamus 
along tfle neuraxis is stimulated, sleep is induced wflicfl flas all tfle normal 
physical accompaniments. When stimulation is discontinued tfle animal 
wakes up again. Tfle experiment can be repeated many times in tfle same 
subject, proving tflat it is not due to destructive effects. Stimulation of 
closely adjacent regions may give rise to bursts of activity — e,g, “ une veritable 
gloutonnerie,” epileptiform attacks or coordinated defsecation or micturition. 
Hess suggests tflat a subcortical centre “ presides ” over tfle fundamental 
cycle of sleep and wake. It might act in one of two ways : by sending afferent 
inhibitory impulses to tfle cortex wflicfl induce a state of sleep or (as mentioned 
above) by interrupting excitatory impulses wflicfl maintain a state of wakeful- 
ness. 

No final conclusions can yet be reached, but it seems clear tflat the 
same common end result of sleep may be brought about in a variety 
of ways. 
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THE SPINAL CORD AND BRAIN STEM ^ 



The Spinal Coed (Medulla Spinalis) 

We Lave already discussed fully the various ascending and descending 
tracts of tLe spinal cord. It remains here to summarize the facts briefly 
(Fig. 437). 

A. Descending Tracts.— (1) Crossed pyramidal tract [lateral cortico- 
spinal tract] : lies in the lateral columns of the cord. It is derived from the 
cells of layer V of the opposite precentral cortex (p. 632). 

- (2) Direct pyramidal tract 

[ventral corticospinal tract] : 
in the ventral colunons close to 
the anterior median fissure. It 
does not extend below the 
midthoracic region. The fibres 
cross in the ventral commissure 
to the opposite side. The 
pyramidal tracts end round 
ventral horn cells both directly 
and indirectly via the dorsal 
group of interneurones (p. 633). 
(3) Descending fibres from 
— — — (i) nuclei of the reticular 

^ 1 . /T, vx formation of the pons and 

ata'. 

Spinal Cord. (Sharpey-Schafer.) (u) olivary nucleus— 

1, Crossed pyramidal tract ; 2. Direct pyramidal tract ; tract ; (iii) Vestibular nuclei — 

3. Ventrolateral descending ; 3®. Bundle of Helweg ; V6StihulosviTKll tract ’ ^iv^ red 

4. Eubrospinal ; 5. Comma ; 6. Funiculus gracUis (tract Ob , \ly} reu 

of Goll) ; 7. Funiculus cuneatus (tract of Burdach) ; nucleUS — TUOTOSmnal tract. In 
8. Lissauer’s tract; 9. Dorsal spinocerebellar tract; 

10. Spinothalamic and ventral spinocerebellar; a.m. mS-n mOSt 01 the fibres from the 
Septo-marginal ; s.pX, Superficial dorsolateral fibres ; red nucleUS after crossing, 
a-flS Cells m ventral horn ; i. Cells in lateral horn of . •j.-l .-l j.* i 

grey matter (connector cells of sympathetic) ; p. CeUs of OOnnect With the retlCUlai 
dorsal horn; d:. Clarke’s column of cells. The scattered -mirlpi’ nf a-f aty^ • +La 

dots indicate the situation of “ endogenous " fibres 01 the Dram Stem , the 

(arising in the grey matter of the cord) and having for impulses then continue down 
the most part a short course. Many of these which lie • .i j.* i • i j. j. . 
near the grey matter have not been indicated. bhe retlCUlOSpmai tracts , 

(v) superior colliculi— 

tract which passes down the median longitudinal bundle in the brain 
stem. All these descending tracts lie intermingled in the spinal cord in 
the ventrolateral region and end round ventral horn cells both directly 
and indirectly via the ventral group of interneurones (p, 585). 

Some of these descending fibres are a relay of inhihitory pathways from the 
cortex (p. 623), others are a relay of fadlitatory pathways (p. 629). 

B. Ascending Tracts. — (1) Funiculus gracilis and funiculus cuneatus 
(tracts of Goll and Burdach) in the dorsal columns of the cord ; their cell 
bodies are in the dorsal root ganglia of their own side. These tracts end 
in the nuclei gracilis and cuneatus in the medulla. The funiculus gracilis 
lies medial to the funiculus cuneatus (p. 559). The tract of Lissauer [dorso- 

1 Banson and Clark, Anatomy of Nervous System, 8th edn., Philadelphia, 1947. 
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lateral tract] consists of short ascending and descending nociceptive fibres of 
the dorsal nerve roots (p. 555). 

(2) (i) Dorsal spinocerebellar tract arises in Clarke’s column of cells 
(dorsal nucleus) of its own side and passes up the restiform body [inferior 
peduncle] to end in the cerebellum. 

(ii) Ventral spinocerebellar tract arises in Clarke’s column of cells of the 
same and opposite side and enters the cerebellum via the brachium con- 
junctivum [superior peduncle] (p. 606). 

(3) Spinothalamic tract : from dorsal horn cells of the opposite side of 
the cord. These fibres cross obliquely in the grey commissure to the opposite 
ventrolateral region of the white matter, and ascend to end in the thalamus 
(p. 559). In the spinal cord the spinothalamic tract consists of a lateral and 
a ventral part. 

C. Propriospinal Tracts. — The fibres arise in cells in the cord and end 
in the cord. They are very numerous and may be divided iato : (i) short, 
connecting adjacent segments ; . (ii) long, connecting more distant segments 
of the cord, e.g. arm and leg ‘‘ centres ” and thus subserving long spinal 
refiexes, e,g, reflexes from the foot affectiug the hand or reflexes in the reverse 
direction. The propriospinal tracts are both ascending and descending ; 
they weld the spinal cord into an integrated whole, in the same way that 
longer paths iutegrate the spinal cord with the brain stem. 

The Table below gives information of value clinically in the diagnosis of 
the level of a lesion of the spinal cord. 

SEGMENTAL DISTRIBUTION IN THE SPINAL CORD (Collibb aito Ama) 


Segment. 

Muscles. 

Refiexes. 

C4 . . 

Spinati. 


05 . . 

Deltoid, biceps braohii, brachialis, braohio- 

Biceps and supinator- 


radialis. 

jerk. 

06 . . 

Pronators of forearm. 

Pronator-jerk 

07 . 

Triceps, extensors of wrist and fingers. 

Triceps- jerk. 

08 . . 

Flexors of wrist and fingers 


Thl . . 

Small muscles of hand. 


Th2-10 . 

Intercostal muscles. 


Th7-12 . 

Muscles of abdominal wall 

Abdominal refiexes 

Thl2-L3 . 

Psoas. 

L2, cremasteric reflex. 

L3 . . 

Adductors of thigh. 


14 . . 

Quadriceps, abductors of thigh 

Knee-jerk. 

L6 . . 

Hamstrings. 


SI . 

Glutei, posterior calf muscles. 

Ankle-jerk. 

S2 . . 

Anterior tibials, peronei, small muscles of foot. 

Plantar reflex. 


Complete Trans-section of Cord. — The account which follows is based 
on the findings in cases of spinal injury occurring during the First World War ; ^ 
it is supplemented by the somewhat different observations made during the 
Second World War.^ The accidents of civil life or acute transverse section 
following on inflammatory or vascular lesions produce very similar pheno- 
mena ; practically identical results are seen, too, in the experimental animal. 

1 Head and Riddooh, Brain, 1917, 40, 188-263. Riddooh, ibid,, 263-402. 

* Kuhn, ibid., 1960, 7S, 1. 
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In acute trans-section of tlie cord the patient feels himself cut in two. The 
higher centres are unaffected and the mind remains clear, but the whole of 
the body below the level of the lesion is deprived of all activity. 

Stage of Flaccidity.— The muscles are completely paralysed ; all the 
reflexes are abolished and muscle tone is lost j the muscles lie in any position 
imposed on them by gravity. There is complete loss of all sensation; 
cramp-like pains, however, are present at the level of the lesion. The bladder 
and rectum are generally paralysed. The sphincter vesicae, however, frequently 
retains its functions, or recovers very rapidly, with consequent retention of 
urine (see p. 772). The penis is flaccid, and erection is impossible. As the 
vasoconstrictor fibres leave the cord between the first thoracic and second 
lumbar segments, a trans-section below the level of the second lumbar pro- 
duces very little fall of blood pressure, while section at the first thoracic level 
causes a fall of blood pressure equal to that resulting from destruction of the 
vasomotor centre, i.e. to a level of 40 mm. Hg (cf. p. 303). 

The venous return from the limbs depends largely on the contractions 
of the skeletal muscles. The amount of blood reaching a muscle depends, 
too, on the fimctional activity of the part (p. 432). Owing to the complete 
immobility of the lower limbs, the blood now reaching them is decreased 
and the venous return is impeded. The paralysed parts are consequently 
cold and blue. The limbs may swell if any abnormal tilting of the pelvis 
obstructs the femoral veins. The skin is dry and is very liable to be affected 
by serious sloughing bed-sores. 

If the lesion is at the level of the sixth thoracic segment, all impulses 
coming in from the abdominal viscera are cut ofi^ from the brain. Griping 
sensations or distension of the viscera are not appreciated. 

The above phenomena belong to the stage of flacddity. It is obvious 
that the isolated segments of the spinal cord have lost their power of mediat- 
ing reflex functions. To this temporary state, the term spinal shock is 
applied.^ In looking for the cause of this condition the following facts must 
be noted : 

Spinal Shock, — (1) The shock affects the distal segments of the cord 
only and not the segments headward to the injury. The monkey with its 
cord divided in the thoracic region, goes on looking out of the window and 
catching flies. The fall of blood pressure is not responsible for shock, because 
the fall is equally marked in the headward part of the animal, which does not 
suffer at all as a result of the trans-section. 

(2) Operative shock plays no essential part. The method of trans-section 
is unimportant; cutting the cord across quickly or tearing it deliberately 
makes no difference. Furthermore, if the animal is allowed to recover from 
the shock and a second trans-section is then made a few segments lower down, 
the reflex activities of the distal end of the cord are quite unaffected by the 
second operation. 

(3) The higher the animal is in the scale of development, the more pro- 
found and the more lasting is the condition of spinal shock. In the cat it 
lasts a few moments, in the monkey a few days, while in man it persists for 
about three weeks. In the higher animals the spinal cord has few truly 

^ It is noteworthy that no such condition of “ shock follows trans-section of the 
brain stem in animals. In some patients with complete spinal trans-section the degree of 
shock is much 108*^ marked than hero described ; some reflexes may never disappear. 
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autonomous activities ; it is largely dominated by the cortical and subcortical 
centres wbicb in turn are driven mainly by the great sense organs of the head. 
As the cord is so dependent on the higher nervous levels, the cord is tem- 
porarily thrown out of gear ” when their directing influence is cut off, and 
some time must elapse before it regains its primitive powers of independent 
activity. This work supports the view that the simple spinal reflex is a 
“ fiction ’’ and that nearly all so-called spinal reflexes also employ long arcs 
involving the higher levels of the central nervous system (cf. p. 530). 

The general principle which emerges from this discussion is very important. 
The nervous system does not consist of a series of isolated units but is a closely 
knit and integrated whole. Damage to any part of the nervous system 
disturbs its smoothness of working, and until compensation has been estab- 
lished, the functional failure is more severe than can be accounted for by the 
anatomical lesion. We have already noted that immediately after an acute 
lesion of the internal capsule in man, producing hemiplegia, reflex spinal 
activities in the paralysed hmbs remain in abeyance for some time, e,g, tone 
is lost, and the reflexes are absent (p. 642). To this depression of ftmction in 
distant parts of the nervous system the term diaschisis (Monakow) is apphed. 

Stage of Reflex Activity, — As the stage of shock passes off, functional 
activity returns first in smooth muscle. The sphincter vesicse (if affected at 
all) recovers very soon, but the detrusor of the bladder regains its powers 
more slowly. The consequent retention of urine must be dealt with by 
catheterization. Tone next returns to the hitherto paralysed blood vessels, 
as the connector cells in the cord begin to act independently of the vaso- 
motor, centre. The blood pressure is thus restored to about its normal level. 
The isolated segments of the cord can also mediate as centres for vasomotor 
reflexes. 

1. Muscle Tone. — Tone in skeletal muscle returns after two or three 
weeks. The flexor muscles of the lower limbs now become less flabby and 
offer some resistance to the fingers. This returning tone is, of course, reflex 
in character and is produced by impulses entering the cord from the muscles. 
It is worth noting that the isolated cord ‘‘ favours ’’ the flexor neurones and 
muscles, and this fact will make clear many of the findings ; thus the extensor 
muscles remain flabby for a much longer period and never attain the same 
degree of tone as the flexors. All the muscles, however, are hypotonic, even 
the flexors themselves because the stretch reflexes (which are mainly res- 
ponsible for muscle tone) are feeble when mediated by the spinal cord alone 
especially in man, and need reinforcement from the brain stem centres 
(cf. p. 583). The limbs tend to adopt a position of shght flexion, and the 
paralysis is therefore referred to as paraplegia in flexion ; the posture is feebly 
maintained, and the limbs cannot support the body weight. Unless some 
intercurrent disease is present, the muscles undergo no wasting, because, 
though paralysed for voluntary movements, they are in constant reflex 
activity. 

2. Reflex Movements. — Spontaneous involuntary flexor movements of 
the limbs occur. The small toes are separated and raised ; the anterior 
tibials, the hamstrings, recti abdominis, and adductors of the thigh can be 
felt to harden, but their load is initially too great and they fail to move the 
limbs. Contraction of these flexor groups of muscles is accompanied by 
reciprocal inhibition of the extensor muscles of the limbs. 
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(1) Flexor Reflex. — The reflex movement that returns first is the flexor 
reflex. To elicit this reflex a nocuous stimulus is necessary, i,e. one which 
tends to injure the part and which causes pain in the intact organism. The 
reflex is obtained most easily by stimulating the skin or deep structures of the 
sole of the foot, but the maximum receptive field is much wider than this, so 
that when the cord has recovered, stimulation of the leg as high as the groin 
or perineum is effective. From the latter regions a stronger stimulus is 
necessary, and the response is less constant in its appearance. The movement 
consists of dorsiflexion upward movement ”) of the big toe ^ and abduction 
of the other toes ; these reflex toe movements constitute the Babinski response 
(p. 645) ; as the reflex spreads there is dorsiflexion of the foot, flexion of the 
Imee and hip, and abduction of the thigh. The antagonistic muscles are 
inhibited. 

The flexor reflex is a withdrawal or defence reflex which removes the limb 
from an injurious agency. All the muscles which are contracted in the flexor 
reflex are called physiological flexors ; the antagonists (which contract in 
the extensor thrust or the crossed extensor reflex (p. 537)) are physiological 
extensors. It should particularly be noted that the dorsi-flexors of the ankle 
are the physiological flexors in that region. 

The normal plantar reflex in man in response to stimulation of the sole 
of the foot consists of a downward movement, i.e. plantar flexion of the toes ; 
it only appears with the development of the pyramidal tracts and replaces 
the more primitive reflex.^ In the normal plantar reflex the tensor fasciae 
femoris contracts ; in the abnormal Babinski response the hamstring muscles 
generally harden. In spinal animals the flexor reflex often spreads to involve 
the extensor muscles of the opposite limb (the crossed extensor reflex). In 
man this does not usually occur. The reflex is either limited to the same 
limb or produces /mow of the opposite limb. 

(2) Mass Reflex. — In some cases a very widespread reaction is readily 
elicited by scratching any point on the lower limbs or the anterior abdominal 
wall below the level of the lesion. The response obtained consists of : 

(i) Flexor spasms of both lower extremities and contraction of the anterior 
abdominal wall. 

(ii) Evacuation of the bladder even when its contents may only be half 
the amount which must normally be present before reflex emptying occurs ; 
this may be partly due to the abdominal compression raising intravesical 
pressure to threshold level (p. 772). 

(iii) Profuse sweating below the level of the lesion. To understand the 
distribution of the sweating, it must be remembered that the sweat fibres to 
the head and neck arise from Thl, 2, and those to the arm from Th5-9. With 
a le^on at the level of Thl, the whole body sweats when the mass reflex is 
obtained, as all the sympathetic fibres leave the cord below the level of the 
lesion. 

^ The other toes may sometimes plantar flex. 

2 Following pyramidal tract lesions the normal plantar reflex is abolished and replaced 
by a “ fractionated ” flexor reflex — the Babinski response. In some cases the reflex can 
be elicited from upper parts of the receptive field, e,g, by pinching the calf muscles (Gordon’s 
reflex) or firmly stroking the front of the tibia (Oppenheim’s reflex). The Babinski response 
is the normal finding in new-born infants and may persist during the whole of the first 
year of life ; this may perhaps be related to the supposed non-functioning of the pyramidal 
tracts at this time. 
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(3) Coitus Reflex. — THs is produced by stimulation of tbe glans penis, 
or tbe skin round tbe genitals, anterior abdominal wall, or anterior and inner 
surface of tbe tbigbs. Tbe response consists of swelling and stiffening of 
tbe penis, withdrawal of tbe testes because of contraction of tbe cremaster 
muscles and curling up of tbe scrotal skin from tbe action of tbe dartos. 
Tbe recti abdominis, flexors of tbe bip, and adductors of tbe tbigbs also 
contract. Seminal emission may occur. On ceasing stimulation, tbe penis 
and lower limbs relax (cf. p. 1104). 

(4) Deep Reflexes. — Tbe knee-jerk returns about one to five weeks later 
than tbe flexor responses. It consists at first merely of a tightening of tbe 
slack quadriceps muscle, but later actual extension of tbe Imee may occur. 
As pointed out (p. 589), the knee-jerk is a fractionated stretch reflex ” ; 
and stretch reflexes are generally feeble in tbe spinal animal. It is therefore 
found that though tbe quadriceps may contract fairly briskly it relaxes 
immediately, and the limb drops quite limply and not gradually as in tbe 
normal person (cf. p- 610). Tbe ankle-jerk may return later still. If ankle- 
clonus is present it consists of no more than a few irregular and unequal jerks. 

(5) Observations on Cases with Increased Extensor Activity. — Tbe 
ultimate clinical picture in patients studied during tbe Second World War 
differed in certain interesting respects from those described above ; these 
differences are probably due to tbe better general health of tbe patients, 
which permitted a maximal degree of fonctional recovery of tbe isolated 
spinal cord. Generally about six months after tbe occurrence of the trans- 
section marked activity appeared in the extensor arcs, resulting in heightened 
extensor reflexes and tbe appearance of extensor spasms. Tbe detailed 
findings are summarized below. 

(1) Tbe ankle-jerk and knee-jerk became exaggerated ; quadriceps clonus 
and ankle clonus were sometimes noted. 

(ii) If tbe limb muscles were passively stretched abruptly, e,g, if tbe flexed 
thigh was suddenly extended, a reflex extension of tbe same or both limbs 
occurred. Tbe contraction often involved both extensor and flexor muscles, 
converting tbe bmb into a sobd pillar.” Relaxation subsequently developed 
slowly. A few patients in whom this response was well marked could stand 
for a long time in a bath of warm water without support. 

(iii) Tbe mass reflex as described in (2) above was not obtained. Either 
mass flexion or mass extension of tbe limbs occurred, which was not accom- 
panied by sweating or emptying of tbe bladder. 

(iv) Stimulation of tbe glans penis produced tbe genital respoi^e described 
in (3) above, but it was not accompanied by seminal emission or limb 

movements. . -m- i ^ 

Tbe spinal trans-section s]^drome of tbe First World War thus seems to 
represent tbe functional activity of an incompletely r^overed spinal cord. 

3. Autonomic Reflexes. — (1) Reflex evacuation of tbe bladder is 
gradually established (cf. p. 772) ; reflex defwcation also occurs. 

(2) Tbe skin, which hitherto has been dry and scaly, now shows sweating 
again ; it becomes more healthy, and ulcers heal up rapidly. Because of 
tbe improved vascular tone and the return of reflex activity to tbe skeletal 
muscles, tbe circulation through tbe limbs is greatly improved, and they 
become warm and of good colour. 

Stage of Failure of Reflex Activity. — If general infection or toxaemia 
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occurs, failure of reflex function develops. The reflexes become increasingly 
difficult to elicit ; tbe receptive fields become narrowed down to tbe optimmn 
areas from wbich. the reflexes can be obtained. The mass reflex disappears. 
The threshold for all reflexes is raised, and fewer groups of muscles are involved 
in the motor responses. The muscles waste and become flaccid, and bed-sores 
develop, which still further lower the general state of the patient. Cystitis 
commonly develops, and with each recurring attack the bladder diminishes in 
size and evacuates itself more irregularly and less completely ; finally the 
sphincter vesicse becomes relaxed and the urine dribbles away. 

Incomplete Trans-section of the Spinal Cord. — If the spinal cord is 
gravely injured, but does not suffer complete division, a state of spinal shock 
develops identical with that already described. When the stage of reflex 
activity returns, certain striking differences present themselves. To under- 
stand these, it must be remembered that in cases of incomplete trans-section 
some of the descending fibres, in the ventrolateral columns of the cord 
(especially the vestibulospinal and reticulospinal tracts) may have escaped 
injury and so some connections j>ersist between the brain stem and spinal cord. 
As we saw in our studies of decerebrate rigidity (in which the pons and 
medulla are left in control of the musculature), these levels of the brain stem 
mainly reinforce the activity of the extensor neurones. We, therefore, find in 
these cases that recovery of functional activity is most marked in the extensor 
groups of muscles.^ Though a hard-and-fast distinction will be drawn here 
between complete and incomplete trans-section of the spinal cord, it can be 
readily understood that many intermediate and transitional cases occur. 

(1) Reflex Tone returns to the extensor muscles, and so the legs lie 
extended at hip and knee, with the toes pointing slightly downwards. The 
condition is therefore called paraplegia in extension, 

(2) Involuntary Movements are relatively infrequent, but when they 
occur involve an increase of extensor tone, producing downward movements 
of the feet and toes. 

(3) Reflex Movements. — (i) Extensor Thrust Reflex (cf. p. 590). — The 
reflex is elicited as follows : the lower limb is passively flexed and allowed 
to rest on the bed ; the patient’s foot is then pressed up with the palm of 
the hand. Active contraction of the quadriceps and posterior calf muscles 
(the physiological extensors) occurs, and the limb straightens out. This 
reflex is often absent when the cord is completely divided in man. [In spinal 
animals the extensor thrust reflex is obtained quite regularly, even after 
complete trans-section, as the spinal cord still retains a considerable degree 
of control over the extensor arcs.] 

(ii) The flexor reflex can be obtained by nocuous stimulation of the sole 
of the foot. The flexion movement, however, is small, and the receptive 
field only extends to the knee. It is usually accompanied by active and 
forcible extension of the opposite limb (crossed extensor reflex). 

(iii) Gentle flexion of one limb produces extension of the opposite limb 
(Phillipson’s reflex). The flexed limb then becomes extended and the 
opposite one flexed ; the responses alternate in each limb, producing a steppage 
movement. 

We see how the range of reflex response is greater now that more of the 

^As pointed out on p. 693 in some cases of complete spinal trans-section in man, 
considerable extensor activity occurs. 
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nervous system is available. It is clear also that movements of locomotion 
can be carried out to some extent (reflexly) by the lower levels of the central 
nervous system. 

(iv) The extensor dee^ reflexes are slightly easier to elicit than normally. 
But the most striking feature of the knee-jerk is the prolonged period of 
relaxation which, as always, accompanies the heightened tonic activity in 
the quadriceps muscle (cf. Fig. 417, p. 643). 

^adually increasing trans-section of the spinal cord may result from 
compression. A common sequence of events when pressure on the cord is 
produced by tumour is (i) hemisection of the cord, (ii) incomplete trans-section, 
(iii) complete trans-section, occurring in that order. We shall consider the 
outstanding features of these conditions briefly. 

Hemisection of the Spinal Cord (Brown-Sequard Syndrome). — The 
description of the syndrome is based entirely on the results of clinical 
observation, and it is customary to assume tacitly that the lesion is of gradual 
development and not of acute onset. The principal phenomena may be 
classified in the following way : 

1. Above the Level oe the Lesion. — There are no abnormal signs, 
except possibly a zone of cutaneous hypersesthesia in the skin area (on the 
same side) corresponding to the peripWal distribution of the dorsal nerve 
root which enters the cord just above the level of the lesion. 

2. At the Level op the Lesion. — ^It is frequently not appreciated that 
the lesion {clinically) usually involves several segments of the cord which have 
been compressed or damaged. All nervous elements lying in these segments, 
or entering or leaving them, may be affected. 

(1) Destruction of the ventral horn cells results in a lower motor neurone 
type of paralysis in the corresponding groups of muscles.^ The features of 
this type of paralysis must be carefuUy remembered, as the ventral horn cells 
may be damaged by many noxious agents, e.g, the virus of infantile paralysis, 
the unknown agent which causes these cells to fall out one by one in pro- 
gressive muscular atrophy, compression of the cells by the distended cavities of 
syringomyelia, haemorrhage within the substance of the cord (hsematomyelia), 
or pressure of tumours from outside the cord. Division of the ventral nerve 
root or of the motor fibres in the peripheral nerves produces similar results. 

(1) There is complete loss of all movement in the affected muscles. 

(ii) The local reflexes are abolished, including reflex tone, and so the 
muscles are absolutely flaccid. 

(iii) The structural changes in the muscle fibres and end plates, the 
electrical changes and the occurrence oi fibrillation are discussed on p. 605. 

(2) Involvement of the sympathetic connector nerve cells may cause 
vasomotor paralysis in the corresponding segments of the skin. 

(3) There is complete anaesthesia for aU forms of sensation because the 
dorsal nerve roots are destroyed as they enter the cord. The loss of protective 
pain sensibility exposes the part to injuries which are unattended to, and so 
whitlows or ulcers may develop. 

3. Below the Level op the Lesion. — (1) Sensory, — To understand the 
distribution of the sensory loss it must be remembered that the fibres trans- 
mitting impulses for ** conscious muscle sense ” and some touch fibres ascend 

1 Compare careftilly the signs of the clinical upper motor neurone lesion as exempliHed 
by hemiplegia (p. 642). 
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the dorsal columns of the same side, while the fibres for pain, temperature, 
and some of those for touch ascend the ventrolateral columns (spinothalamic 
tract) of the opposite side. Touch sensibility is therefore not lost on either 
side, but is blunted on both sides. Muscle sense is lost up to the level of the 
lesion on the same side. The upper limit of the pain and temperature loss 
on the opposite side does not correspond to the level of the lesion, because as 
we saw (p. 559), these fibres cross obliquely in the spinal cord. The level of 
the lesion will therefore be several segments higher in the cord than would 
appear from the upper level of pain loss. 

(2) Motor, — The motor phenomena are all on the side of the lesion, and 
we would expect them to be identical with those found in cases of complete 
trans-section of the cord. That is not the case, however. The explanation ia 
probably this : the Brown-Sequard syndrome is a clinical syndrome, and it 
is very likely that in these cases all connections with the brain stem on 
the affected side have not been severed, and some vestibulospinal and reticulo- 
spinal fibres are still unscathed. The clinical picture is therefore like that 
seen in cases of incomplete trans-section of the cord : muscular paralysis, 
extension of the limb at knee and ankle, spasticity, exaggerated and tonic 
deep reflexes (knee- and ankle-jerk), anHe clonus, lost superficial reflexes, 
Babinski’s sign present. 

If the compression affects both sides more uniformly, we get paraplegia 
in extension, as already described (p. 694), The sensory loss first affects 
dorsal column sensibility (sense of position and passive movement) ; later 
temperature, pain, and touch are impaired in that order. 

"WTien the trans-section becomes complete, paraplegia in flexion develops 
(p. 691) as all the descending tracts are now cut. If infection supervenes, 
all reflex activity in the isolated cord segments is lost, and complete flaccidity 
is found (cf. p. 693). 


The Brain Stem 

The brain stem includes the medulla oblongata (spinal bulb), pons, and 
midbrain, and contains many important structures closely packed together. 
In our studies of the ascending and descending paths we have already noted 
many tracts traversing or relaying in the brain stem. We shall here correlate 
these facts and endeavour to obtain a coherent idea of the anatomy and 
physiology of these very important regions of the brain. The study of the 
subject will be greatly facilitated by reference to the diagrams (Figs. 438-444). 

A section through the lower ^ third of the medulla shows the decussation of 
the pyramidal tracts (Fig. 438), They pass from the ventral aspect of the 
medulla through the base of the ventral horn of grey matter, and come ^ 
lie in the lateral columns where they descend into the spinal cord. The tip 
of the ventral horn is thus cut off, and is seen as an isolated mass of grey 
matter (lateral nucleus) which soon disappears. The dorsal columns are 
wider, and therefore push the dorsal horns of grey matter farther apart. 
The tip of the dorsal horn projects on the surface of the medulla as the 
tubercle of Rolando. In its vicinity is the descending root and nucleus of 
the fifth nerve, which we shall see in most of the sections because it extends 

1 In the description of the sections through the brain stem the term “ lower ** (below) 
is used in the sense of caudal “ upper ” (above) is equivalent to cephalad or cranial. 
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from the poi^ to the upper cervical region. The central canal of the spinal 
cord is still situated centrally, but is now beginning to pass nearer the dorsal 
surface. ^ On the surface in the ventrolateral region, on each side, are the 
rubrospinal tract, the dorsal and ventral spinocerebellar tracts (Fig. 383, A), 
and the spinothalamic tract (Fig. 355). 

A section at the level of the olivary body reveals these points (Fig. 439). 
The central canal is now approaching the dorsal surface of the medulla, 
and is about to open out at the calamus scriptorius into the fourth ventricle " 
The dorsal columns have been replaced by masses of grey matter — ^the 
funiculus gracilis ends in the nucleus gracilis, and the funiculus cuneatus in 
the nucleus cuneatus. 


From the small cells 
constituting these nuclei 
a new relay of fibres 
arises. These take several 
courses : the majority pass 
forwards to cross the 
middle line (internal 
arcuate fibres), and come 
to lie dorsal to the 
pyramid as the medial 
lemniscus. Some fibres 
pass to the restiform 
body (inferior cerebellar 
peduncle) of both sides 
(Fig. 383, A). 

In the floor of the 
fourth ventricle at the 
level of the calamus 
scriptorius and in close 
relation to the dorsal 
nucleus of the vagus are 
situated certain import- 
ant centres, i,e, cardiac 
(p. 270), vasomotor 

(p. 303), vomiting (p. 811), 
and deglutition centres 
(p. 805). The respiratory 
centres lie in the reticular 



Fig. 438. — Section through Medulla at Level of Decussation 
of Pyramids (Diagrammatic). 

Fun. Grac., Fun. Cun. =Funiculus gracilis and cuneatus ; N'.Qrac., 
K’.Cun.= Nucleus gracilis, Nucleus cuneatus; V.= Descending 
root of fifth nerve; O.C.« Central canal; Fyr.— Pyramidal tract: 
C.P.T.= Crossed pyramidal tract; D.Sp.C., V.Sp.C. —Dorsal and 
venteal spinocerebellar tracts; Sp.TIial.= Spinothalamic tract 
Lat. nuc. —Lateral nucleus. 


formation of the pons and meduUa (p. 384). 

The olive, which is seen dorsal to the pyramid, consists of a wavy layer of 
grey matter. Fibres pass to the restiform bodies on both sides. Nothing is 
known about the functions of the olive ; it gives rise to a descending tract, 
the bulbospinal tract, which lies in the cord in the ventral root zone. 

The only chuuge to note in the other tracts is that the fibres of touch in 
the spinothalamic tract now migrate medially to lie just dorsolaterally to the 
medial lemniscus, while the fibres carrying pain and temperature remain 
lateral to the olive (see Fig. 355). 

The nuclei of the twelfth, eleventh, tenth, ninth, and seventh cranial 
nerves may conveniently be described here. 
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XIL — The nucleus of the hypoglossal nerve extends through the lower 
two-thirds of the medulla. It &:st lies ventrolateral to the central canal, 
and when the fourth ventricle appears, it lies in its floor, close to the middle 
line. The hypoglossal nerve fibres pass out ventrally between the olive and 
pyramid. 

If the hypoglossal nerve is stimulated, the tip of the tongue is pushed over 
to the opposite side. Conversely, if the twelfth nerve is paralysed, the tongue 
when projected deviates to the same side (by the unopposed action of the 
other nerve). The affected side of the tongue shows the ordinary signs of 

^ lower motor neurone 


N.Cun. 


U.Grac. 


Olivo- 

Ccrcb. 


D.Sp.C.^ 

V.Sp.C. 






fe) 


Med. Lem. 


Sp.Thal. 


OLIVE 


paralysis — great wasting 
of the muscle fibres and 
consequent wrinkling of 
the mucous membrane, 
and fibrillation (cf. p. 505). 

XI . — The nucleus of 
origin of the spinal part 
of this nerve consists of 
cells lying in the lateral 
part of the ventral horn 
of grey matter in Cl-5. 
The fibres pass dorsally 
and then bend outwards 
to emerge at the side of 
the cord and medulla as 
lateral roots. These con- 
tain large medullated 
efferent (and some 
afferent) fibres for the 
supply of the sterno- 
mastoid and trapezius. 
(The bulbar part of the 
nucleus (shown in Fig. 
439) is best regarded as 
part of the vagus nucleus.) 

X. — The afferent 


Fig. 439. — Section through Medulla at Level of Olivary nucleus (Shown m h ig. 

Nucleus (Diagrammatic). 439) is best regarded as 

Int.Arc.f.a= Internal arcuate fibres ; Med.Lem.= medial lemniscus; ■nartof the vaffUS nucleus 1 
OIivo-Cereb.= Olivocerebellar fibres; JT.=balf touch fibres; ^ ° L 

XI, XII.==N'uclei of eleventh and twelfth nerves; N.Grac., JL. — Ihe aiterent 
X.Cun. = Nucleus gracilis and cuneatus; Pyr.=PyTamld; C.C.s= n-f tha -o-acmQ atisp 

Central canal ; V.= Descending root and nucleus of fifth nerve; P^^res 01 me vagUS arise 
D.Sp.C., V.Sp.C. = Dorsal and ventral spinocerebellar tracts; m the lUgular and nodoSC 
Sp.Thal.«Spinothalamic tract. 

cells and convey impulses from somatic and visceral structures (p. 712). 
Some fibres ascend to end in the dorsal nucleus, which lies in the floor of 
the fourth ventricle lateral to the hypoglossal nucleus ; other fibres descend 
to form the tractus solitarius and end in adjacent nerve cells (the nucleus of 


the tractus). These two nuclei give rise to the autonomic (involuntary) 
fibres of the vagus and also connect up with the nucleus ambiguus. 

The nucleus ambiguus is the somatic voluntary ’’) motor nucleus of 
the vagus, and lies ventrolateral to the dorsal nucleus. The fibres run first 
dorsally and then curve round to emerge dorsal to the olive and supply such 
structures as the mucles of the larynx (see Fig. 440). 

IX , — The ninth [glossopharyngeal] nerve is arranged in exactly the same 
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way as the tenth. The afferent fibres have their cell bodies in the petrosal 
ganglion. They end in nuclei which form the upward continuation of the 
dorsal nucleus of the tenth (ascending fibres) and of the tractus solitarius 
(descending fibres). The motor nucleus which supplies the pharynx is in line 
with the nucleus ambiguus. The autonomic fibres arise in the dorsal nucleus 
(cf. p. 712), 

777. — Though the seventh [facial] nucleus is situated in the lower pons, 
it must be considered here because the arrangement is like that already 
described. The afferent fibres have their ceU bodies in the geniculate ganglion 
and pass in the nervus intermedins to end in nuclei in Ime with the dorsal 
nucleus of the ninth and tenth and the fasciculus solitarius. The autonomic 
fibres arise in the dorsal nucleus (cf. p. 714). The motor nucleus is in line 
with the nucleus ambiguus. The fibres run dorsally and form a loop round 
the sixth nerve nucleus and then 


turn ventrally and laterally.^ 

In lesions of the pyramidal 

tract {sufranudear lesion) /C b / A N Z0 

voluntary movements in the face / / / / 

are lost, but emotional move- / 

ments (frowning, smiling) are N Amb / 

retained because of the separate ‘ / 

motor pathway for emotional / 

exteriorization (p. 642). If the ' X SomatX / 

seventh nerve is injured in any Auton/^ , 

part of its course {infranudear f \ 

lesion) all types of movements I ^9*** 

of the face are equally affected. y 

We may summarize these ™ 

facts thus ; Piq. 440^ — Diagram of Mode of Origin of Tenth 

(i) The motor somatic nucleus and Twelfth Nerves. 

of XII. is a column of cells lying I).Jf.X.= Dorsal nacleus X. ; F.S.==rasciciilus solitarius 

^ Coil* Cell = Connector cell which gives rise to 

near uUe miQ-CUe ime. autonomic fibres in vagus; !N.Amb.=Xucleus am- 

(ii) The afferent fibres of VII. , bignus which gives rise to somatic fibres of vagus. 

IX., and X. divide into : 

(a) Ascending fibres which end in a column of cells lying lateral to the 
nucleus of XII.=column of dorsal nuclei of VII., IX., and X. 

(b) Descending fibres which end in grey matter lying just lateral to the 
column of dorsal nuGlei^fasciculiirS [traatus) tractus solitarius and its nucleus. 

(iii) The autonomic efferent fibres of VII., IX., and X. arise in the column 
of dorsal nuclei. 

(iv) The somatic efferent fibres of VII., IX., X., and XI. arise from a 
column of cells wMch extend from the lower border of the pons to C5, and 
are situated lateral and ventral to the column of dorsal nuclei. 

A section at the junction of pons and medulla shows the restiform body 
and the entrance of the eighth nerve (Fig. 441). 

The central connections of the eighth nerve are fuUy given on pp. 572 and 
597. In Fig. 447 the cochlear division is seen to pass dorsal to the restiform 


Fig. 440. — Diagram of Mode of Origin of Tenth 
and Twelfth Nerves. 

D.X.X.= Dorsal nucleus X. ; F.S.== Fasciculus solitarius 
Con. Cell = Connector cell which gives rise to 
autonomic fibres in vagus; X.Amb.=Xucleus am- 
biguus which gives rise to somatic fibres of vi^us. 


1 It is stated that the fibres supplying the orbicularis oris arise in the twelfth nucleus, 
and those to the orbicularis palpebrarum in the third nucleus, and ajre merely conveyed 
by the facial nerve. 
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V€nb.N. 


Cochlear 


Rest. 

Boday 


-Med.L. 

Bund. 


body and the vestibular division ventral. The ventral cochlear nucleus Kes 
between the two divisions of the nerve, and the dorsal nucleus on the dorso- 
lateral aspect of the restiform body. From the latter the striae acousticse cross 
in the floor of the fourth ventricle, and from the former the trapezoid body 
traverses the substance of the pons. The two groups of fibres turn up as the 
lateral lemniscus which is lateral to the medial lemniscus. The vestibular 
division ends in the vestibular nuclei which form an important reflex centre co- 
ordinating the position of the eyes and limbs with that of the head and helping 
to maintain tone in the extensor or antigravity muscles ; when these nuclei 

are destroyed decerebrate 

StricB Acoust. ^ rigidity disappears 

r. \ ^ (P- ^85). 

Do.s.Nu c^ ^ Other features are : 

^ y pyramidal 

D Q^^-Mcd.L, tracts beginning to break 

Bund. up into bundles. 

lem n iscus, which is now 
joined by the spino- 

Cochlear 11 I4X. \ i i thalamic tract conveying 

\ i ! 

\ temperature, and touch 

viTT \ Trap.^^^ Ti 

\ -rJw V-w restiform body 

\ -^'IVVTX^ 383, A; p. 606). 

\ 'HoVY Pons. — The 

\ VCTvv appearance of the pons is 

modified by the presence 
N. of numerous transversely 

^ ^ crossing bxmdles of the 

brachium pontis [middle 
Fio. 441. — Section through the Lower Pons peduncle of the cere- 

(Liagrammatic). helium] which are running 

acoustics© ; Dors.Nuc., Vent.N.-- Dorsal and feom the pons tO the 

ventral cochlear nucleus ; Cochlear = Cochlear division of VIII • ‘x ^ n t. 

Vest.=Vestibular division; D.=Deiters' [lateral vftHtih niflr j OPPOSlte Cerebellar hemiS- 
^cleus, M.L. =Me^al lemniscus. Ii.L.=» Lateral lemniscus; nhere and vipp 

-Medial longitaS ana Vice vem 
Pyr.«pyramidai tract; These break up the 
V = Descending root and nucleus of ’ pyramidal tract into 

.Moh & m,Il of grey letter, 

nrs, ra" S'issi “““ 

inf upper border of the pons, the fourth ventricle narrows gradually 

S r*’"® cerebn [Sylvu]. Above it on each side appear two masses 

\ runmng fibres, the brachia conjunctiva [superior cerebellar 
peduncles]. These arise rminly from the dentate nucleus of the cerebellum, 
and as they pass forward approach the middle line and decussate to reach 
the opposite side to end in the red nucleus and thalamus (Fig. 384). The 
ventral spinocerebellar tract turns over the lateral aspect of this pkunole 
to enter the vermis of the cerebellum (Fig. 442). 


KucPont. 
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The Midbrain [Mesencephalon]. — The midbrain consists essentially of 
two structures : the superior and inferior colliculi dorsally, and the cerebral 
peduncles ventrally. Between them is the aqueductus cerebri [Sylvii] which 
is surrounded ventrally and laterally by the nuclei of origin of the oculomotor 
nerves (Figs. 443 and 444). 

The cerebral peduncles are great masses, chiefly of white matter, uniting 


Sens.Nuc.- 
V I 


hMed.L.Bund. 


>“Med.Lctn. 


the pons with the thalamic region of the cerebrum. They consist of three 
parts from before backwards : 

(1) Basis Pedunculi, containing fibres from the cerebral cortex to the 

pons and cord. The middle three-fifths are occupied by the pyramidal 
tracts ; the medial one- « 

fifth by the frontopontine Conj 

and corticonuclear fibres J \ h ^otor Nuc.v 

(p. 631), and the lateral / \ J (yf 

one-fifth by the temporo- / Ig Ve nt. 

pontine fibres. / /r 

(2) Substantia / vJ'Med.L.Bund. 

Nigea: a mass of deeply / dZH) 

pigmented cells, the / /y » om 

function of which is | /// 

uncertain (p. 657). 

(3) Tegmentum : a 

region where longitu- v 

dinaUy and transversely y ^ 

running fibres are inter- - 

mingled in a complex ' 

manner. Three decussa- ' Xv ^ 

tions take place within " 

it which from below 

(а) Of the brachia 

coniunctiva (of. p. 608). 442.-^ecti<m through. Upper Part of Pons 

(б) Of the rubro- lagrammatic). 

• 1 2 j. { £ Daa\ Brach.Conj.=Bracliium conjunctivum; V.=Pibres of fifth nerve; 

spmai tracts (Cl. p. Ooo). rv Vent.^Fonith ventricle; E.Sp.=Eubrospinal tract; 

(A Of fhp fpofn- Me(i.Lem.=Medial lemniscus; Trap. =* Trapezoid body; 

KJX blits beobu Med.L.Biind.* Medial longitudinal bundle; N.P.»Nuclei 

Spmal tracts. pont^; Pyr.=» Pyramidal tract; Brach. ]^nt.»»Brachium 

The Red Nucleus 






Brach.pont. 


Pig. 442. — Section through Upper Part of Pons 
(Diagrammatic). 

Brach.Coni. =Brachium conjunctivum ; V. =Pibres of fifth nerve; 
rv 'Vent.=Fouith ventricle; E.Sp.=Eubrospinal tract; 
Med.Lem.=Medial lemniscus; Trap. = Trapezoid body; 
Med.L.Bund.*= Medial longitudinal bundle; N.P.« Nuclei 
pontis; Pyr.=» Pyramidal tract; Brach. ]^nt.»»Brachium 
pontis. 


extends from the hypothalamus to the caudal border of the superior 
colliculi (Fig. 444). It consists of two groups of ceUs : (i) n. rmgmcellularis — 
composing the caudal third of the nucleus and made up of large nerve 
cells which give rise to the rubrospinal tract ; (ii) n. parvocellularis — which 
consists of small cells forming the cranial two-thirds of the whole 
nucleus. In man, the large cells are few and the rubrospinal tract is small ; 
most of the cells of the nucleus give rise to a rvhroreticular tract which ends 
in the reticular grey matter in the brain stem from which reticulospinal fibres 
transmit the impulses to the spinal cord (p. 593). By means of its afferents 
from cerebellum, vestibule, and muscles, and its efferent rubrospinal and 
rubroreticular fibres, the red nucleus plays an important part in animals in 
helping to maintain normal body posture and normal muscle tone. It is 
the centre for the righting reflexes (Fig. 373) by means of which the body is 
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restored to its original position after it has been displaced from it. In animals, 
decerebrate rigidity results from a midcollicular trans-section of the brain 
stem (p, 583). 

The descending pathway from the hypothalamus concerned with emotional 
exteriorization lies in the tegmentum medial to the red nucleus (p. 666). Tbe 
lateral lemniscus passes dorsally to end in the inferior colliculi. 

The inferior colliculi (Fig. 443) were dealt with in discussing the auditory 
path (p. 572). The superior colliculi require further consideration. They 
are an important centre for visual reflexes. By means of the tectospinal 
tract they reflexly alter the position of the eyes, head, trunk, and limbs in 
. _ response to retinal impulses, 

int.coii. Colliculonvdear fibres pass to the 

third nerve nucleus to cause 
constriction of the pupil during 
the light reflex (p. 578). The 
Aq.8yL tectospinal tract connects the 
H.ISLW. superior colliculi with the pupil- 
dilator centre in the thoracic 
Med.LBund. cord (Thl and 2) (p. 708). 

Reticular Formation.— This 
is found dorsal to the pyramidal 
.C. tracts in the pons and medulla 
and in the tegmentum of the 
poidbrain. It consists of small 
islands of grey matter interspersed 
with fine bundles of nerve fibres 
lying in the spaces between the 
large fibre tracts and nuclei. The 
functions of the reticular forma- 
tion have been elucidated to a 
T. . « « . , , ^ , considerable extent. The 

inf.cou.=T„fBriorc„m™ii=T,;t.T, =T....r.ii.Li«,„». reticulat formation m the upper 


Aq.Syl. 

N.ILTC 


Med.LBund. 



T pr. 11 T 4. • ^ IV V T 4.T T . 11* reticular formation in the upper 
Inf.CoU. =» Inferior CoUiculi; Lat.L.~ Lateral lemniscus; , , . . ^ i 

M.L.=<Me(iial lemniscus; Aq.Syl, - Aqueductus ponS {'puemnotaxiC centre) and 
cerebri CSylvli] ; Med.L.Bund. = Medial lonrftudinal nnriAr 'hfllf nf lYipdiilk 

bundle; Br.C.-Brachia conjunctiva ; N.III.IV.« ^ tue Upper UaU 01 tUe meauua 

n Nuclei of third and fourth nerves; Sub.Nig.= Unsv%ratory and eX'D^ratorv 

centres) (p. 384). Reticulospinal 


coimect 


with the spinal motor neurones ; these paths are both facUitatory 
and inhibitory and serve to transmit impulses from the cerebral 
cortex, basal ganglia, and hypothalamus to the spinal cord (p. 623, 
p. 629). 

We can now complete our study of the cranial nuclei. 

7. [Trigeminal nerve.] — The efferent fibres arise from the 
motor nucleus lying at the side of the grey matter bounding the 
aqueductus cerebri and fourth ventricle in the lower midbrain and upper 
pons (Fig. 442), 

The afferent fibres are derived from the semilunar [Gasserian] ganglion 
and end in a mass of grey matter lying lateral to the motor nucleus — ^the 
principal sensory nucleus. Long descending fibres are given off which end 
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round adjacent grey matter.^ This column of cells and fibres — descending 
root [spinal tract] of the fifth nerve, descends to the upper cervical region of 
the cord. From these sensory nuclei a new relay of fibres passes across the 
middle line to join the medial fillet (p. 563). 

OcuLOMOTOB Nuclei. — Though we speak of the nuclei of the third 
[oculomotor], fourth [trochlear], and smh [abducens] nerves as if they 
were isolated structures, it is important to realize that they simply con- 
stitute one long column of grey matter controlling the movements of the 
eyes. This column extends fiom the upper part of the midbrain surrounding 
the ventral and lateral part of the aqueductus cerebri (III., IV.), down to the 
upper part of the pons in the floor of the fourth ventricle (VL.). The fibres 
of the third nerve take a curved course in the tegmentum to emerge on the 



Fig. 444. — Section through the Midbrain at the Level of the Superior Colliculi 
(Diagrammatic) . 

Sup.Coll.= Superior Colliculi ; Coll.N.=Colliculonuclear fibres ; Sy.= Aqueductus cerebri [Sylvii] * Med. 
Gen., Lat.Gen.=Medial and lateral geniculate bodies; H'.III.=irucleus of third nerve; 

Optic tract; Med.L.Bund.»« Medial longitudinal bundle; B-.2S'.=Eed nudeus; M.L.=M^ial 
lemniscus; T.P.®= Temporopontine; Pyx.*Pyramidal tract; FJP.=Frontopontine; Cort.N. — 
Corticonuclear fibres. 

medial side of the crus (Fig. 444). The fourth nerves decussate in the roof of 
the aqueductus cerebri. The sixth nerve passes between the pyramid bundles 
to emerge at the lower margin of the pons. Two physiological points must 
be emphasized : 

(1) There are numerous afferent fibres in the oculomotor nerves carryii^ 
proprioceptive impulses from the external eye muscles. These serve to maintain 
reflex posture in the muscles, and enable the delicate adjustment of gaze 
during waking hours to be brought about. The cell bodies for these afferent 
fibres lie on the trunks of the oculomotor nerves. 

(2) The oculomotor column on each side controls synergic ey e mu scles 
^ Note bow the following senspry cranial nerves, V., vestibnlar division of YilX., 

and X., end in a prinmpal sensory nndens and give rise to descending fibres whi<^ end 
in adjacent grey matter. 
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on hoik sides (cf. p. 637). A lesion of the column results, not in paralysis of an 
individual muscle, but in loss of a movement in both eyes. Enumerating from 
before backwards (cranio-caudally), the movements of the eyeballs are con- 
trolled by the column thus : (1) pupil-reaction ; (2) accommodation (ciliary 
muscle) ; (3) upward movements ; (4) downward movements ; (5) lateral 
movements of both eyes (cf. Fig. 415). 

Local Lesions of the Brain Stem. — Owing to the small size of the brain 
stem, the symptoms are frequently bilateral from a central lesion involving 
both sides. The points to bear in mind are the origins of the cranial nuclei, 
the long tracts both motor and sensory, and the cerebellar connections. 
The long paths to and from the trunk and limbs decussate in the medulla ; 
those connected with the face cross in the upper pons. Crossed paralysis and 
crossed ancesihesia are very liable to occur. In the upper pons a lesion may 
injure the sensory fibres of the fifth, producing anaesthesia of the same side 
of the face, and also involve the medial lemniscus with consequent anaesthesia 
over the opposite half of the body. Similarly, a lesion may destroy the fibres 
of the facial nerve, giving a lower motor neurone paralysis of the face, and 
also involve the adjacent pyramidal tract, producing an upper motor neurone 
paralysis of the opposite side of the body. Involvement of the cerebellar 
connections produces a varying degree of ataxy and other characteristic signs. 

To summarize : the symptoms wiU be a varying combination of paralysis 
(of both spastic and flaccid type), ansesthesia, and ataxy. The dilator fibres 
from the midbrain to the thoracic cord (p. 708) must also be borne in mind. 
Injury to the brain stem may result in small pupils from cutting off tbe 
tonic dilator impulses. 

The anatomy and physiology of the hypothalamus are discussed on p. 716 
where full page references are given. 


VI 

THE AUTONOMIC NERVOUS SYSTEM 

GENERAL ARRANGEMENT AND FUNCTIONS ^ 

General Arrangement. — The study of the autonomic nervous system 
is considerably simplified if attention is first devoted to the broad principles 
on which the system is constructed. In a somatic spinal reflex arc three 
neurones may be involved (see Fig. 445) : (i) The afferent or receptor neurone 
(A) with its cell body in the dorsal root ganglion, (ii) An internuncial cell 
in the dorsal horn of grey matter which by means of its axon transmits the 
impulse to the ventral horn ; it might be called the connector neurone (B). 
(iii) The ventral horn cell and its axon — ^the excitor neurone (C) which trans- 
mits the efferent impulses to skeletal muscle (cf. Fig. 325). 

In the nerve supply of the viscera three neurones can also be recognized 
(Fig. 445) : 

(i) There is an afferent neurone proceeding from an internal organ. The 
nutrient cell lies in the dorsal root ganglion (or its cranial equivalent), and 
a central process is sent into the grey matter. 

1 Gaskell, InvohnUary Nervous System, London, 1916. Langley, Autonomic Nervous 
System, Cambridge, 1921. Kuntz, Autonomic Nervous. System 3rd edn., 1946. White 
and Smithwick, Autonomic Nervous System, 1942. Larrow, Physiol, Rev,, 1943, 23, 1. 
Gellhom, Autonomic Nervous ReguUUion, N.Y., 1943. 
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(ii) The connector cell (Gaskell) is situated not in the dorsal horn hut 
in the adjacent grey matter, the exact position differing in the various regions 
of the nervous system. In the thoracic region, for example, the connector 
cells lie in the lateral [intermedio-lateral] horn of grey matter. The connector 
fibre must, of course, connect the afferent neurone with the excitor neurone 
which actually supplies a viscus. But the excitor cells are not found within 
the central nervous system ; they have migrated outwards to form masses 
of cells situated peripherally. The connector fibres must, therefore, also 
wander away from the central nervous system to reach these vagrant groups 
of excitor cells. The connector fibres histologically are medullMed or white 
fibres ; functionally they are B fibres (p. 492) ; they are called by Langley 
'preganglionic fibres, as they pass to a peripheral ganglion. 

(iii) The excitor cells, as already explained, lie peripherally either as 
ganglia or as isolated groups of cells. From these cells fibres arise which, 



Fig. 445. — General Arrangement of Autonomic Nervous System (on Right) contrasted 
with that of Somatic Nervous System (on Left). (After Ranson.) 

A, B, 0=5 Afferent, connector and excitor neurones of somatic nervous system ; Vent. B..= Ventral nerve 
root ; M.Sp.N’.^Mixed spinal nerve ; Dotted line = Afferent visceral fibre with nutrient cell in dorsal 
root ganglion; Lat.Horn= Lateral horn of grey matter which gives rise to C.F.= Connector (pre- 
ganglionic) fibre which passes in ventral root, mixed spinal nerve, and ventral ramus (Vent.Bam.) to 
end in Anton. Gang. = Autonomic ganglion; E.F.5= Excitor (postganglionic) fibre ending in viscus; 
Dorsal Boot Gang.— Dorsal root ganglion. 

by devious routes, reach the various organs which they innervate. The excitor 
fibres are grey or non-medullcUed; they are also called postganglionic fibres (as 
they pass from a ganglion to a viscus) ; functionally they are C fibres (p. 492). 

By convention, the term autonomic nervous system is used to include 
only the efferent neurones supplying the viscera, i.e, the connector and excitor 
neurones, using these terms in the sense just defined. The visceral afferent 
neurones are considered on pp. 492 et seq. 

Connector cells are not present uniformly in all the segments of the 
nervous system, but in certain regions only, namely (Fig. 446) : 

(1) In the brain, in connection with the nuclei of certain cranial nerves : 
Le. III., VII., IX., and X. 

(2) In the whole of the thoracic region, and in the first two lumbar 
segments of the spinal cord. 

(3) In the second and third saoral segments of the spinal cord. 

Connector fibres thereforeleavethe central nervous system from these regions 

23 
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Fig. 446. — General Plan of Autonomic Nervous System. 


On Left: Cranial and sacral autonomic (parasympathetic) system. Thick linos from 
III., Vn., IX., X., and S2, 3 are preganglionic (connector) fibres. A, ciliary ganglion ; 
B, sphenopalatine ganglion ; C, submaxillary and sublingual ganglia ; D, otic gang- 
lion ; E, vagus excitor cells in nodes of heart; E, vagus excitor cells in wall of bowel ; 
G, sacral autonomic ganglion cells in pelvis ; thin lines beyond = postganglionic 
(excitor) fibres to organs. 

On rigM : Sympathetic nervous system. Dotted lines from Tl-12, LI, 2 are preganglionic 
fibres ; H, superior cervical ganglion ; J, inferior cervical and 1st thoracic ganglia 
(stellate ganglion) ; K, coeliac and other abdominal ganglia (note preganglionic fibres 
directly supplying the adrenal medulla) ; L, lower abdominal and pelvic sympathetic 
ganglia ; continuous lines beyond « postganglionic fibres. 
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only, and constitute tliree great systems of outflowing fibres, wbicli are termed 
the cranial (or bulbar), the thoracico-lumbar, and sacral outflow respectively. 

The autonomic nervous system may be usefully subdivided on the basis 
of the anatomical situation of the connector cells and fibres. Thus the 
connector cells in the brain, their axons in the cranial nerves specified, and 
their related excitor neurones constitute the cranial division of the system 
or the cranial autonomic. The connector cells in the thoracico-lumbar region, 
their axons in the corresponding ventral roots and in their subsequent 
ramifications and their excitor neurones constitute the sympathetic nervous 
system. The sacral connector cells, their axons in the sacral ventral roots, 
and all their related excitor neurones constitute the sacral autonomic (Fig. 44:6). 

We can therefore make this classification : 

Autonomic Neevous System — 

A. Cranial Autonomic. 

B. Sympathetic . 

C. Sacral Autonomic. 

Another classification can be made from a functional standpoint. The 
cranial and sacral divisions have complementary physiological actions and 
form the parasympathetic system. When stimulated, the sympathetic and 
parasympathetic nerves produce antagonistic effects on the organs which 
they both supply {e.g. heart, pupil). Under natural conditions, however, the 
two systems act synergistically, i.e. they cooperate to achieve the desired 
end ; thus in the case of the heart an increase m rate is due (mainly) to 
decreased vagus tone and (also) to increased sympathetic tone. 

Some organs are, however, innervated by one division only [e.g. uterus, 
adrenal medulla, and most arterioles from the sympathetic only ; glands 
of stomach and pancreas from the parasympathetic only). The excitor cells 
of the sympathetic are situated, as a rule, at a distance from the organ 
innervated ; those of the parasympathetic are usually in close proximity 
to the organs (the sphenopalatine and the otic ganglion (p. 714) are, however, 
obvious exceptions to the latter statement). 

Sympathetic Nervous System, — In describing the anatomical details of 
the autonomic nervous system it is necessary to note the situation of the 
connector cells, the path taken by the connector fibres, the position of 
the excitor cells, and the path of their fibres. 

The connector cells of the sympathetic he in the lateral horn of grey 
matter in the thoracic region and in the corresponding grey matter in the first 
and second lumbar segments ; the connector fibres pass out in the ventral 
root corresponding to the segment from which they arise and then enter the 
mixed spinal nerve. The latter divides into a small dorsal and a large ventral 
ramus ; the connector fibre is continued in the ventral ramus, but soon 
leaves it to form a branch which passes to the lateral sympathetic chain. 
This branch is the white ramus communicans which passes to the ganglia of 
the sympathetic ; the white ramus is merely a portion of the connector fibre. 
The connector fibre may end in a ganghon of the lateral sympathetic chain, 
or pass on to more distantly situated ganglia like those in the neck or 
abdomen. The excitor (or postganglionic) fibres which arise from these ganglia 
take various routes to the periphery. 

1. Head and Neck. — The connector cells are situated in the lateral 
horn of Thl and 2. The connector fibres pass out in the way just described 
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to the lateral sympathetic chain, and proceed through the inferior cervical 
ganghon and the cervical sympathetic trunk, to end in the suf&rior cervical 
ganglion i where the excitor cells are situated (Fig. 446, H). The path of 
the connector fibres is common to all the structures in the head and neck 
but the subsequent course of the fibres varies with the organ supplied. 

(1) Eye. — The excitor (grey) fibres to the eye proceed along the coat of 
the internal carotid artery into the skull and enter the cavernous plexus (in 
the cavernous sinus). Their further course is not known with certainty, but 
two alternative (or complementary) routes are described : (i) in the sym- 
pathetic root of the ciliary ganglion, through the ganglion itself (without, of 
course, relaying in it), and along the short cihary nerves ; (ii) on to the 
semilunar (Gasserian) ganglion, the ophthalmic division of the fifth cranial 
nerve, its nasociliary branch, and finally in the long ciliary nerves to the eye. 

The structures in the eye supphed by the sympathetic are : (i) dilator 
pupillcB muscle ; (ii) smooth muscle fibres in the upper and lower lids called 
respectively the superior and inferior tarsal muscles which retract the upper 
and lower lidb ; (iii) smooth muscle fibres of the retro-ocuhr muscle of Muller 
which lies in the orbital fascia and which pushes the globe forward ; in man 
Muller’s muscle is vestigial and functionless ; (iv) blood vessels. 

Effects on Eye of Stimulation of Cervical Sympathetic?- — In all species the 
pupil is dilated and the lids are retracted producing widening of the palpebral 
fissure and a staring ’’ gaze. In man the major effect is on the upper lid, ^ 
but the lower hd also participates. The effect on the position of the globe 
is more variable. In anaesthetized dogs, for example, sympathetic stimulation 
causes the globe to move forwards by 5 mm. {exophthalmos^ proptosis) ; but 
this merely represents a restitution of the enophthalmos (sinking in of the 
globe) produced by the anaesthetic. In anaesthetized man stimulation of the 
cervical sympathetic at operations produces no measurable exophthalmos. 

It must be remembered that widening of the palpebral fissure gives an 
illusion of exophthalmos ; likewise narrowing of the fissure gives an appear- 
ance of enophthalmos (cf. p. 992). The blood vessels are constricted. 

Effects on Eye of Section of Cervical Sympathetic {Horner's Syndrome),— 

The pupil constricts owing to the unopposed action of the fibres of the 
sphincter pupillsB which are supplied by the third nerve ; the palpebral 
fissure is narrowed mainly owing to drooping {ptosis) of the upper lid 
sleepy lid ”), but there is also some elevation of the lower lid. There is 
an illusion of enophthalmos in man, but instrumentally no change in the 
position of the globe can be detected. The ptosed hd hfts as well as normally 
during staring showing that its smooth muscle fibres are not used in voluntary 
movements of the upper hd. The blood vessels are dilated. 

There is a centre, situated in the superior colhcuh, for the control of the 
sympathetic fibres to the eye. Stimulation of the appropriate region leads 
to dilatation of the pupil. The path connecting this midbrain centre with 
the connector .ceUs in the thoracic cord is the tectospinal tract (p. 702). 
Disturbance of the sympathetic innervation of the eye may thus result from 
a lesion in the brain stem, the cervical or upper thoracic cord, the upper 
chest, the neck, the interior of the skuU or the orbit. 

(2) Skin Steuotures. — For the cutaneous structures of the head and 
nechi excitor fibres pass from the superior cervical ganghon to the four upper 

1 Poclun, Clin, 8ci,, 1939, 4, 79. 
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cervical nerves, and proceed along their cutaneous branches to reach the sMn. 
The skin of the face is supplied by excitor fibres which run in the adventitia of 
the external carotid artery and its branches. The various glands of this 
region also get their sympathetic supply via the blood vessels. This applies to 
the buccal, parotid, sublingual, submaxiUary, and lachrymal glands, which thus 
receive vasoconstrictor fibres (and in some species secretory fibres too). 

The skin structures (all over the body) supplied by the sympathetic are : 
(i) Sweat glands, with secretory fibres ^ (p. 467). (ii) Smooth muscle : arrectores 
pili^ i,e, muscle fibres which erect the hairs and produce in man the appearance 
known as goose-skin ; the smooth muscle round the orifices of the body, such as 
the anus and vagina ; the retractor penis muscle. Motor impulses are sent to all 
of them, (iii) Blood vessels : the cutaneous arterioles, veins, and the capillaries 
receive many vasoconstrictor fibres from the sympathetic (p. 303) ; some dilator 
fibres to the skin vessels have also been demonstrated in the sympathetic nerves. 

(3) The THYROID receives postganglionic fibres from the middle cervical 
ganglion ; they may control to a minor extent thjnroid secretory activity (p. 982) . 

(4) The CEREBRAL VESSELS receive constrictor fibres from the sympathetic 
along the coats of the internal carotid and vertebral arteries (p. 306). 

2. Thoracic Viscera. — The connector cells lie in the third and fourth 
thoracic segments of the cord. The connector fibres in animals pass to the 
stellate ganglion ^ ; in man they end in all three ganglia of the cervical 
sympathetic. The excitor fibres pass from these in the cardiac branches of 
the sympathetic to reach the heart. They increase the force of contraction, 
the rate, conductivity, and excitability (p. 270). The bronchi are dilated by 
inhibition of the smooth muscle in their walls through fibres having a similar 
course. The pulmonary arteries are constricted (p. 307), and the coronary 
arteries dilated by the sympathetic (p. 237). 

3. Fore Limb. — The connector cells lie chiefiy in Th5-9 (and sometimes 
also in Th2^) (p. 359). The connector fibres pass to the lateral sympathetic 
chain to end in the first and second thoracic and inferior and middle cervical 
ganglia in man (Fig. 446, J). The excitor fibres arise here and jom the nerves 
of the brachial plexus (C5-Thl) constituting their sympathetic roots. The 
excitor fibres reach the limb via these spinal nerves and are distributed to 
the shin structures already named, to the large arteries (p. 308), to skeletal 
muscle vessels, but probably not to the skeletal muscle fibres themselves 
(p. 308). 

4. Hind Limb. — The connector cells lie in ThlO-12, LI, 2, chiefly in the 
lumbar segments. The connector fibres end in the lumbar and sacral ganglia 
of the sympathetic chain. The excitor fibres arise here and jom the lumbo- 
sacral plexus, and are thus distributed to the lower limb, innervating the same 
structures as in the arm. 

5. Thoracic and Abdominal Parietes. — The arrangement in this case 
is quite simple. The connector fibres pass to the ganglia of the lateral sym- 
pathetic chain ; they end chiefly in the corresponding ganglia, but also 
spread up and down the chain to end in adjacent ganglia. Thus one connector 

1 Thongh the fibres to the sweat glands are anatomically sympathetic they are nnc- 
tionally cholinergic. The responses of the sweat glands to adrenaline and various drugs 
are considered on p. 481. 

2 This represents the^ fused first and second thoracic sympathetic ganglia in animals. 
In man the term stellate ganglion is used to describe the inferior cervical and fir^ thoracic 
ganglia which are frequently fused together. 



710 


ABDOMINAL VISCERA 


fibre may stimulate excitor cells in several ganglia. From each lateral sym- 
pathetic ganglion the excitor fibres pass back in the grey ramus communicans 
to the corresponding spinal nerve, and thus to the skin, so that the distribution 
of the excitor fibres is strictly segmental in character. This is well shown by 
Langley’s studies on the pilomotor fibres. Stimulation of a ventral root 
(containing the connector fibres) makes the hairs stand up over several 
segments of skin. On the other hand, stimulation of the grey rami (excitor 
fibres) affects the hairs of the corresponding spinal segment only. 

6. Abdominal Structures. — The connector cells for the abdominal 
organs lie between Th6 and L2. The connector fibres reach the lateral 
sympathetic chain in the usual way via the white rami. They do not relay, 
however, in the ganglia of the lateral sympathetic chain, but continue through 
them and leave them as the splanchnic nerves, which are therefore still 
connector or preganglionic fibres. The splanchnic nerves can be divided 
into two distinct groups : An upper group — the great splanchnic nerves— con- 
nects with the ganglia in the upper abdomen, namely, the coeliac (semilunar), 
superior mesenteric, renal, spermatic, and ovarian ganglia ; a lower group, 
consisting of the lesser splanchnic nerves, ends, in animals, in the inferior 
mesenteric ganglia (Fig. 446, K, L). In man the arrangement is more complex. 
The lower connector fibres form the presacral nerve, which passes to the hypo- 
gastric ganglia on the lateral walls of the rectum (Fig, 505). The upper 
splanchnics arise from Th6--12, and the lower splanchnics from LI, 2 chiefly. 
From the groups of ganglia mentioned, grey excitor fibres arise which pass 
mainly along the big arteries to supply the coats of the hlood vessels them- 
selves and the organs which they reach. Thus excitor fibres run with the 
superior mesenteric artery to the small intestine and part of the large intestine ; 
with the renal artery to the kidney ; and along the branches of the cceliac 
axis to the spleen and liver. The pelvic viscera — e.g, the bladder, the uterus, 
and the distal part of the large intestine — are innervated from the inferior 
mesenteric ganglia (animals), or hypogastric ganglia in man. 

(1) Stomach and Intestines (Fig. 447). — The sympathetic supplies the 
whole of the small and large intestine and the related sphincters, ^.c. the 
ileocolic and the internal anal sphincters. The extent of the sympathetic 
distribution to the stomach is not so precisely established. It supplies the 
pyloric sphincter (cf. p. 816), the pyloric region of the stomach, and also the 
cardiac sphincter (p. 806). It is possible that the sympathetic inhibits move- 
ment in the body of the stomach. There are no sympathetic fibres to the 
oesophagus. Electrical stimulation of the splanchnic nerves results in 
inhibition of the peristaltic movements of the wall of the gut and diminution 
of its tone. The sphincter musculature is stimulated and the sphincters 
become tightly closed. 

(2) Blood vessels. — The sympathetic conveys vasomotor fibres to the 
arterioles constituting the splanchnic area. The vast majority of these fibres 
are vasoconstrictor in character (though a few vasodilator fibres have been 
demonstrated). The importance of the vasoconstrictor fibres is very great 
because the splanchnic area forms the most important part of the peripheral 
resistance (p. 308). 

(3) ^ Bladder. — The detrusor muscle is inhibited, and the sphincter vesiose 
and trigonal region are contracted by the sympathetic, the arrangement being 
analogous to that found in the case of the gut. (For full details see p. 767.) 
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Sympatlietio stimulation in man causes contraction of tlie muscle coat of 
the epididymis, ejaculatory ducts, seminal vesicles, and prostate, with 
resulting ejaculation of semen (p. 767). 

(4) The ureters, uterus, Fcdlojpian tubes, and vas deferens receive both 
motor and inhibitory fibres from the sympathetic. None of these structures, 
be it noted, is supplied by the sacral autonomic. 

(5) Secretory fibres are supplied to the adrenal medulla to regulate the 
discharge of adrenaline. (The nervous control of the adrenal gland is dis- 
cussed on pp. 730 et seq.) The cortex of this gland has no nerve supply. 

( 6) Impulses from the sympathetic stimulate the conversion of the glycogen 
stores of the liver into glucose (p. 857 ), which passes into the systemic circulation. 

(7) Motor fibres are sent to the sjdeen, causing it to contract and discharge 
the red corpuscles stored in it (cf. p. 226), and also to the gall-bladder (p. 801). 

(8) Vasoconstrictor fibres supply the renal vessels (p. 27). 


Organ 

Site of 
Connector 
Cells. 

Site of Excitor Cells. 

Route of Excitor 
( Post-Ganglionic ) 
Fibres. 

Head and neck 

(1) Eye 

(2) Face 

(3) Skin of head 

and neck 

(4) Cerebral vessels 

Thl, 2 

»> 

ff 

ft 

Superior cervical gang- 
lion 

>» 

ft 

Superior and inferior 
cervical ganglia 

Along internal caro- 
tid artery. 

Along external caro- 
tid artery. 

With cervical plexus. 

Along internal caro- 
tid and vertebral 
arteries. 

Thoracic viscera 

f 

Th3, 4 - 

Superior, middle, and 
inferior cervical gan- 
glia (man) 

Stellate ganglion (ani- 
mals) 

Cardiac branches of 
sympathetic. 

Fore limb 

Th5-9 
(sometimes 
also Th2-4) 

Middle, inferior cervical, 
first and second thor- 
acic ganglia (man) 
Stellate ganglion (ani- 
mals) 

With brachial plexus. 

Hind limb 

Thl0-L2 

Lumbar and sacral 
ganglia 

With lumbo-sacral 
plexus. 

Abdomen . . j 

(i) Viscera of abdo- 

men proper 

(ii) Pelvic viscera . 

Th6-L2 

Th6-12 

(chiefly) 

LI, 2 f 
(chiefly) | 

Upper abdominal gang- 
lia (superior mesen- 
teric, coeliac, etc.) 
Inferior mesenteric gan- 
glia (animals) 
Hypogastric ganglia 

(man) 

Along blood vessels. 

Along blood vessels 
and in hypogastric 
nerves. 

Thoracic and abdo- 
minal parietes j 

Thl-12 

Ganglia of lateral sym- 
pathetic chain 

With intercostal 

nerves. 











712 


SACRAL AUTONOMIC SYSTEM 


The table on p. 711 brings out the salient anatomical features of the 
sympathetic nervous system. 

Parasympathetic Nervous System.— This consists of sacral and cranial 
divisions. 

Sacral Autonomic System.^— The connector cells lie in the second and 
third segments of the sacral cord, in the lateral region of the grey matter. 
The connector fibres pass out in the corresponding ventral roots and then 
leave these roots to unite to form a single nerve on each side called the pelvic 
nerves or nervi erigentes. They proceed into the pelvis to reach the excitor 
cells, which are found in the vicinity, or in the substance, of the organs they 
will innervate. In man they relay in the hypogastric ganglia on the lateral 
walls of the rectum. The structures supplied are the bladder, 'prostate, most of 
the large intestine, and the blood vessels of the penis. It is not certain how much 
of the large bowel is thus innervated ; it is usually said that the sacral auton- 
omic supplies the whole of the colon and rectum, with the possible exception 
of the c3BCum or proximal colon. 

Functions. — The sacral autonomic supplies motor fibres to the bladder 
(p. 767), the large intestine, and to certain muscle fibres round the prostate. 
It stimulates the detrusor muscle of the bladder (thus emptying that organ), 
and, as might be expected, it inhibits the antagonist of the detrusor, namely, 
the sphincter vesicas intemus. Similarly, the colon and rectum are made to 
contract and the sphincter ani internus is inhibited. 

As the name nervi erigentes indicates, erection of the penis is produced 
(p. 1104). 

Cranial Autonomic System.^ — It is best to describe first the arrange- 
ment of the autonomic fibres connected with the vagus. 

Vagus. — The afferent neurones of the tenth nerve have their cell bodies 
in the nodose and jugular ganglia. The central axons enter the medulla 
between the restiform body and the olive to end in the dorsal nucleus of 
the vagus (and the nucleus of the tractus solitarius) (Fig. 440). The dorsal 
nucleus is situated in the floor of the fourth ventricle, lateral to the nucleus 
of the twelfth, and contains connector cells for both somatic and autonomic 
systems. In other words, it contains the homologues of both ‘‘ dorsal horn ” 
and lateral horn ” cells. Certain large cells give rise to fibres ending m 
the nucleus ambiguus (or somatic motor nucleus of the tenth), which supplies 
certain voluntary structures, like the muscles of the larynx. In the dorsal 
nucleus are found, too, characteristically small connector cells, referred to as 
the nucleus intercalatus (Staderini). These cells give rise to coimector fibres 
which pass straight out in the vagus trunk and wander with this nerve (still 
as coimector fibres) to reach various viscera, where they end in excitor cells 
lying in the substance of the organs. It is clear, then that the connector 
fibres^ of the vagus correspond to the white rami communicantes or pre- 
ganglionic fibres of the sympathetic. The grey excitor fibres pass direct 
from their parent cells to the organ innervated {e,g. Fig. 447). 

(1) Heart. — The excitor cells lie in the sino-auricular and auriculo- 
ventricular nodes. The excitor fibres supply chiefly the junctional tissue of 
the heart (p. 234), i,e, the nodes, the bundle of His and its ramifications — 
and to a lesser extent the musculature of auricle and ventricle. The vagus 

1 Sacral division of the parasympathetic. 

® Cranial division of the parasympathetic. 
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Fig. 447. — ^Autonomic Inneryation of Alimentaiy CanaL (After C. J. Hill, from Maximow 
and Bloom, Text Book of Histology, W. B. Saunders & Co. 

Longitudinal section of gut wall. Muc., mucosa ; m.m., muscularis mucosa ; «.m., submucosa ; Pl^.m, 
Meissner’s plexus [submucous plexus] ; c.m., circular muscle ; PLeym., plexus of postganglionic 
sympathetic fibres; Pl.m., Auerbach’s plexus [myenteric plexus]; l.m., longitudinal muscle; «.s. 
subserosa ; 8.8pl., sympathetic postgan^onlc nerve fibres ; Qn.cod., cceliac ganglion ; Sym,f., pre- 
ganglionic splanchnic nerve fibres ; Vag.f,, pregMiglionic va^ fibres ; (cf. Fig. 135) F., blood vessel. 

23 * 
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(2) Constrictor fibres are sent to the smooth muscle in the walls of tte 
Bronchi (p. 409). 

(3) Alimentary Canal (Fig. 447).— The vagus supplies the whole of tie 
alimentary canal from the oesophagus down to the caecum. Some authorities 
(Gaskell) believe that the vagus ends at the ileo-colic sphincter, others 
that it may extend farther. In general, the vagus is motor to the muscle 
of the alimentary canal (pp. 809, 812, 814) and relaxes the sphincters. 
Auerbach’s [myenteric] plexus (which lies between the circular and longi- 
tudinal muscle coats) acts as the excitor neurones of the vagus to the muscle 
coat of the intestine ; in the case of the oesophagus the corresponding plexus 
lies on the surface (p. 806). The vagus fibres also relay in Meissner’s [sub- 
mucous] plexus in the submucous coat whence excitor fibres pass to the 
mucous membrane (Fig. 447 ; cf. Fig. 135, p. 234). Important secretory 
fibres pass in the vagus to the glands of the stomach (p. 777) and the externally 
secreting alveoli of the 'pancreas (p. 790). The islets of Langerhans also 
receive a secretory supply from the vagus (p. 917). 

Vagal fibres have been traced to the gall-bladder (p. 801), liver (p. 800), 
and kidney, the excitor cells lying in the organs named ; their significance is 
unknown. 

Ninth Nerve. — If we trace the nucleus ambiguus upwards, we find the 
niotor ventral nucleus of the ninth which supplies the stylopharyngeus and 
superior and middle constrictors of the pharynx. The dorsal nucleus of the 
ninth is continuous with the corresponding nucleus of the tenth and, like it, 
is a double structure — a fusion of dorsal horn ” and “ lateral horn ” cells. 
The small connector cells of the dorsal nucleus give rise to fibres which pass 
by way of the tympanic nerve and the small superficial petrosal nerve to the 
otic ganglion which constitutes the excitor ganglion. The grey excitor fibres 
arise here, and join the auriculotemporal nerve to reach the parotid gland and 
supply it with secretory and vasodilator fibres. The dorsal nucleus of the ninth 
for this reason is sometimes called the inferior salivary nucleus. It is worth 
recalling (p. 581) that taste fibres from the posterior third of the tongue enter 
the brain stem along the glossopharyngeal to end in this nucleus. Thus 
afferent impulses from the mouth can readily produce a reflex flow of 
saliva (p. 774). 

Seventh Nerve. — The somatic motor nucleus of the seventh is in line 
with the corresponding nuclei of the ninth and tenth. There is a dorsal 
nucleus containing connector cells (continuous with the column of dorsal 
nuclei already described), and referred to as the superior salivary nucleus. 
The connector fibres issue in the nervus intermedins, join the facial nerve, 
and go by way of the great superficial petrosal nerve to the sphenopalatine 
ganglion. The excitor fibres arise here to pass to the lachrymal gland by way 
of the zygomatic nerve, and to the unstriped muscle, vessels, and gland in. 
the palate and nasopharynx via the palatine nerves. Other connector fibres 
leave the facial nerve in the chorda tympani to reach the lingual nerve 
and end round ganglia in the vicinity of the submaxillary and sublingual 
glands. From these cells secretory and vasodilator fibres to the glands 
arise. 

As the nervus intermedins conveys taste fibres from the anterior two-thirds 
of the tongue to the superior salivary nucleus (p. 581), another simple reflex 
arc for the secretion of saliva becomes evident. 
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Thibd Nebve. — The connector cells lie in the most cranial part of the 
oculomotor nucleus in the floor of the aqueductus cerebri. The coimector 
fibres which pass out in the third nerve are often referred to as the midbrain 
outflow in contrast with the bulbar outflow in VII., IX., and X. They leave 
the third nerve to end in the ciliary ganglion, from which excitor fibres pass 
in the short ciliary nerves to the ciliary muscle and sphincter pupillce. The 
connector cells for the sphincter of the pupil lie in the midbrain, cranial to 
those for the ciliary muscle. As stated on p. 708, the short ciliary nerves also 
contain sympathetic grey rami to the dilator pupillae. 

Nicotine Method for Determining Site of Relay Stations in Autonomic 
Nervous System, — ^Nicotine has been much used to investigate the path of 
autonomic fibres. In large doses it paralyses the excitor cells of the whole 
autonomic system. After paint- 
ing a sympathetic or para- 
sympathetic ganglion with 
nicotine, stimulation of the 
white rami (connector fibres) 
which end in it is without 
effect, while stimulation of 
the grey rami (excitor fibres) 
produce s the customary results. 

Stimulation of connector fibres 
which pass through the nicotin- 
ized gangHon (without relaying 
in it) gives rise to the normal 
responses. 

Extirpation of the 
Sympathetic System. — If the 
entire sympathetic nervous 
system is removed in the cat or 448. — ^Nuclei of Human Hypothalamus, 

dog, good health is maintained; Clark, J. Anat., 1936, 70), 

reproduction and lactation ventricular surface of hypothalamus of human hrain show- 
occur normaUy in the female. 




The blood pressure shows an 
initial fall but most surprisingly 
full recovery takes place later. 
It seems that in these animals, 
even in the absence of sym- 


A= Anterior commissure ; Hdm. = dorsomedial hypo- 
thalamic nucleus; Hp. —posterior hypothalamic nucleus; 
Hvm. — Ventromedial hypothalamic nucleus ; M!m. — Medial 
mammillary nucleus ; Mth. — Mammlllo - thalamic tract 
(Bundle of Vicq d'Azyr) ; Pre. — preoptlc nucleus ; Pv. =• 
paraventricular nucleus ; So. •;> Supraoptic nucleus, (cf. 
Pigs. 17, 408, 424, 427, 428, 429, 431.) 


pathetic influences and of 

secreted adrenaline, the walls of the arterioles develop a sufficient 


degree of tone to maintain the peripheral resistance. [In man, on the other 
hand, localized sympathectomy leads to vasodilatation which persists for 
many years (p. 359).] There are no persistent signs of the expected over- 
action of the parasympathetic ; e,g, the heart rate and size of pupil soon 
settle down to about normal. The metabolic rate is lowered by not more 


than 10 per cent. With emotional excitement there is no change in the 
blood sugar, no increase in the red cell count, or marked rise of blood pressure 
such as occur normally (cf. p. 661). The animals are very sensitive to cold, 
and lose heat more rapidly than normals in a frigid environment. The 
animals are able to lead a placid existence quite efficiently, but are stated 
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to respond less well to conditions of emergency. This impairment of functions 
is often not in evidence, and the animals may be able to run or fight as 
vigorously as normal controls. These results are important and cast grave 
doubt on the generally accepted view that the sympathetic-adrenal 
system is indispensable in mediating the adaptations necessary in times 
of stress (p. 731). 

Higher Control of the Autonomic Nervous System. — 1. Centebs in 
Brain Stem. — Superimposed over the connector cells of the autonomic 
system are " centres ” in the hrain stem controlling special parts of the system 
which are concerned with specific functions — e.g. the vasomotor (vascular 
tone) (p. 303), cardiac (heart rate) (p. 270), vomiting (p. 811), respiratory 
(p. 384), deglutition (p. 805), adrenaline-secreting (p. 730), and blood sugar 

regulating (p. 917) centres. 

2. Role of the Hypothalamus.— 
Nuclei of Hypothalamus. — The main 
nuclei in the hypothalamus may be grouped 
as follows (Fig. 448) : (i) Anterior : (a) para- 
ventricular ; (6) supraoptic. 

(ii) Middle: this group occupies the middle 

part of the tuber cinereum, and includes the 
nucleus tuberalis and the ventromedial, dorso- 
medial, and lateral hypothalamic nuclei. 

(hi) Posterior: (a) posterior hypothalamic 
nucleus; (6) mammillary body. 

Connections and Functions .—These are 

Fig. 449. — Effect of Hypo- summarized below. 



thalamic Stimulation on Blood (i) Efferent fibres from the hypothalamus 

Neurol. PsychiaL, Chicago, the brain stem centres mentioned in 1, 

1935, 33, 468.) supra, and thus control the activity of the 

Records from above downwards are : whole autonomic system (sympathetic and 

parasympathetic). 

stimulation of the posienor nuclei in- 
Note increase in rate and depth creases sympathetic activity ; e.g. it produces a 

rise of blood pressure, secretion of adrenahne, 
quickening of the heart, and development of 
premature contractions (Fig. 449). 

(6) Stimulation of the middle nuclei produces parasympathetic overaction, 
e.g. cardiac slowing, increased gastric secretion, blood flow and motility. 
Irritative lesions of the middle nuclei by stimulating the vagus, may produce 
haemorrhagic erosions of the mucosa of the oesophagus, stomach or duodenum 
which may result in fatal perforation (p. 788). 

(ii) Descending fibres from the frontal lobe (areas 6 and 4) (p. 629) and 
the globus pallidus (p. 656) end in the hypothalamus ; the latter in turn gives 
rise to descending fibres which relay in the reticular nuclei, and are continued 
in the reticulospinal tracts to the spinal motor neurones (Fig. 408). The 
hypothalamus thus constitutes part of the extra-pyramidal facilitatory pathway. 
Lesions of the hypothalamus produce (experimentally) poverty of movement 
and catalepsy (p. 659) and may be responsible for some of the signs of 
Parkinson’s disease (p. 660). 
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(iii) Fibres pass from tbe anterior nuclei to the neurohyjpojpJiysis (posterior 
lobe of pituitary) to control the secretion of the antidiuretic hormone (ADH) 
(p. 47) and the oxytocic hormone (p. 1091). Though the hypothalamus does 
not directly innervate the anterior 'pituitary it forms chemical transmitters 
which regulate the activity of this gland (p. 931). 

By reason of the connections set out in i-iii above, the hypothalamus is 
an important centre for emotional exteriorization (p. 665). Lesions which 
isolate the hypothalamus from the higher levels produce the rage reaction 
(pp. 664, 671). Lesions of the hypothalamus or its descending tracts may give 
rise to emotional palsy (p. 668). The hypothalamus is the principal centre for 
temperature regulation ^ (p. 473). 




Fig. 460. — ^Action of Acetylcholine on Circnlaiion. (Dale, J. PTiarm, exp. Therap., 1914.) 
Eecords from above downwards : blood pressure, signal, time in 2 seconds (A, B), and 10 seconds (C) 

A. Inject 0*1 mg. of acetylcholine. Marked fall of blood pressure and intense transient slowing of the 

heart (muscarine action). Between A and B inject 1 mg. of atropine. B. Inject 5 mg. of acetylcholine. 

Large rise of blood pressure (ganglionic or nicotine action). Between B and C inject large dose of 

nicotine (30 mg.) to paralyse autonomic ganglia. C. Eepeat injection of 5 mg. of acetylcholine. Ko 

effect on blood pressure. 

(iv) It is closely linked by many afferent and efferent fibres with the 
thalamus and prefrontal cortex (Fig. 428, p. 669). It is thus part of a nervous 
complex related to emotional states (p. 666), personahty, and social behaviour 
(p. 670). 

(v) It receives afferents from the hippocampal region via the fornix and 
discharges via the anterior nucleus of the thalamus to the cingular gyrus. 
The role of this connection is obscure. 

Results of Lesions of the Hypothalamus. — Some of the syndromes 
observed clinically are briefly summarized below : 

(i) Diabetes insipidus (p. 49). 

(ii) Disturbed temperature regulation (p. 473).^ 

1 The following points may be mentioned here : (1) Destruction of the hypothalamus 
may lead to prolonged hypothermia or hyperthermia, (ii) Localized heating or cooling 
of the h3rpothalamus leads to appropriate reactions which increase heat loss or heat 
production respectively, showing that the nerve cells are specifically sensitive to minute 
alterations in their temperature, (iii) The antipyretic group of drugs and the barbiturates 
(which render an animal poikilothermic) may produce their effects by an action on the 
hypothalamus. 




718 CHEMICAL TRANSMISSION 

(iii) Disturbances in carbohydrate and fat metabolism and in sesual 
function, resulting from anterior pituitary dysfunction (pp. 931, 936). 

(iv) The occurrence of somnolence,^ changes in muscle tone and impaired 
emotional exteriorization. 

(v) Changes in personahty presumably owing to deranged activity of the 
associated prefrontal cortex (p. 674). 

(vi) Hypothalamic lesions may set up abnormal hunger which is satisfied 
by an excessive intake of food which in its turn produces obesity}- It will 
be recalled that prefrontal leucotomy is often followed, temporarily, by a 
ravenous appetite (p. 674). 

3. Role of Cerebral Cortex. — The control of visceral activities by the 
cerebral cortex is considered on p. 671. 

Mode of Action of Autonomic Nerves. — Chemical Transmission of 
Nervous Impulse.^ — The general question of transnaission of the nerve 
impulse was considered on p. 507. Before discussing this problem further in 
relation to the autonomic nervous system, we must be familiar with the peri- 
pheral actions of adrenaline (see p. 724), and of acetylcholine. 

Action of Acetylcho- 
line.® — The peripheral 
autonomic effects of this 
drug may be grouped under 
three headings : 

(i) Direct action : A 
peripheral dilator action on 
certain blood vessels. 

(ii) ‘‘ Muscarine ” action : 
Acetylchohne stimulates all 
parasympathetically innervat- 
ed structures by a peripheral 
action. 

(iii) Nicotine action : 
Acetylcholine (hke small doses of nicotine) stimulates all autonomic ganglia. 

Action on the Circulation. — (i) If acetylcholine is injected intra- 
venously in doses of 1 X 10“® mg. or less (e,g, in the cat), it lowers the blood 
pressure. This effect is due to a direct dilator action on the walls of certain 
peripheral blood vessels as can be proved by perfusion experiments, e,g, on 
the blood vessels of the ear. This dilator action is abolished by atropine. 

(ii) When larger doses (0*01-0*1 mg.) are injected a considerable fall of 
blood pressure results which is associated with, and is largely due to, a vagus 
effect on the heart, i.e, slowing and decreased contraction (Fig. 450, A). The 
cardiac effects are still obtained after section of the vagi, but are abolished by 
atropine, i.e. acetylcholine acts on the heart in the region of the vagal terminals. 

(iii) After injection of atropine, small doses of acetylcholine no longer 
depress the heart or the blood pressure. Very large doses, however, e.g. 5 mg., 
produce a marked rise of blood pressure and cardiac acceleration, especiaUy 
after previous destruction of the medulla and spinal cord (Fig. 450, B). 

^ Of. footnote 1, p. 941. 

® Dale, Brit. wed. J., 934, i, 1835. Loewi, Proc. roy. Soc. B., 1935, 118, 299. 

® Dale, J, Pharm. exp. Therap., 1914, 6, 147 ; Symposium on Acetylcholine, BuU. 
Johns Boph. Bosp., 1948, 83, 463. 
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Fig. 451. — ^Action of Acetylcholine on Perfused 
Frog’s Heart, (Dale, J. Pharm. exp. Therap., 
1914.) 

Record of contraction of perfused frog’s heart. At the 
vertical line the perfusing fluid was changed from pure 
Ringer’s solution to one containing 1x10-8 of acetyl- 
choline. Note arrest of the heart which follows an initial 
decrease in the force and rate of contraction. 
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The response is due to stimulation of the sympathetic ganglia and thus of the 
constrictor fibres to the blood vessels and the cardio-accelerator fibres ; a 
discharge of adrenaline also occurs and is a minor contributory factor. 

(iv) Following the injection of very large doses of nicotine which paralyse 
the autonomic ganglia (p. 715), the pressor effect of aoetylcholme is completely 
abolished (Fig. 450, C), confirming the interpretation given above of its mode 
of action. 

(v) Acetylcholine weakens, slows, or arrests the isolated perfused heart 
in concentrations of lx 10"® or less (Fig. 451). 

Action on Othee Visceea. — There is no need 
to detail the actions of acetylcholine on the other 
viscera as it accurately repeats the effects of para- 
sympathetic stimulation ; thus it produces a secretion 
of tears, saliva, and gastric and pancreatic juice ; it 
increases the movements of the oesophagus, stomach, 
small or large intestine (Fig. 452), and bladder ; there 
is pelvic vasodilatation and erection of the penis. If 
injected directly (1 drop of 0-1% solution) into the 
pad of the cat’s foot there is local vasodilatation and 
secretion of sweat (cf. p. 481). The uterus, though 
innervated by the sympathetic only, is stimulated by 
acetylcholine acting directly on the muscle coat. 

Acetylcholine also has important actions on sheletal 
muscle (p, 514), the central nervous system (p. 530), 
and the chemoreceptors (p. 785). If applied directly to 
the sujpraoptic nucleus it stimulates it to discharge 
impulses to the posterior pituitary (p. 55). . 

The transient nature of the action of injected Ac^lcholine^^ on 
acetylcholine is due to its instability; it is rapidly intestine. (Dale, 

hydrolysed in alkaline solution even at room tempera- J- Pharm. exp, 

tures to form choline which is about 100,000 times _ Themp., 1914.) 
less potent than its acetyl derivatives. In blood and strip of intestine sus- 
in the tissues generally there are varying concentra- 5ly^gen^te(P Ein^ 
tions of an enzyme, cholinesterase (p. 509), which Locke’s solution. At 
greatly accelerates the rate of destruction. added to toe^?L^^te 

Acetylcholine as Parasympathetic Chemical 
Transmitter.^ — ^Loewi showed that when the vagus iiincer-Locke’s ’ soiu- 
supply of an isolated perfused frog’s heart is stimulated, *^^^0 the^bath*S?d 
a substance appears in the lumen of the ventricle relaxation oc- 

which can be transferred to and produces a vagus 
effect on another ventricle (Fig. 453). There is good evidence that the 
substance is acetylcholine. The nervous impulses (spike potentials) which 
pass down the vagus, therefore, do not act directly on the heart muscle, 
but through a chemical intermediary or tran,smitter which is released at 
the vagal terminals (p. 508). 

Not only the vagus, but aU the parasympathetic nerves, both in amphibia 
and in mammals, produce their effects in exactly the same way. The study of 
the subject has been facilitated by the elaboration of biological methods 
which enable acetylcholine to be demonstrated in minute amounts and its 
1 PJlilgers ArcMv., 1921, 189, 239. Brown, Physiol, Bev., 1937, 17, 486. 
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concentration determined with a fair degree of accuracy. The blood or perfus- 
ing fluid is collected before and during parasympathetic stimulation from the 
organ under investigation in an animal under the influence of eserine (this 
drug is used to preserve any acetylcholine which may be formed). A series of 
tests are then carried out, based on the following known actions of minute 
doses of acetylcholine : 

(i) It lowers the blood pressure on intravenous injection ; this fall is 
abolished by atropine. 

(ii) It produces contraction of the back muscle of the leech (Fig. 454) or 
the rectus muscle of the frog previously treated with eserine. 

(iii) It inhibits the frog’s heart (Fig. 454) or the rabbit’s auricle. 

(iv) It is inactivated by treatment with alkali, but is unaffected by acid. 

It the fluid under examination gives positive results with this series of 

tests and if in addition its relative activity on the different test objects is 
the same as that of acetylcholine there can be no reasonable doubt that it 



Fig. 453. — Liberation of Parasympathetic Chemical Transmitter in Frog’s Heart. (Bain, 
Quart. J. exp. Physiol.^ 1932.) 

R and T> represent the contraction of two isolated frogs’ hearts. J> (donor) is perfused with fluid which 
is then passed into the lumen of 11 (recipient). During the period indicated by the descent of the 
signal line S, the vagus nerve supply of D is stimulated, causing cardiac arrest. After a latent period 
the recipient heart (E) also ceases to beat. T=atime in seconds. 

contains acetylcholine. By matching the physiological results obtained with 
those produced by known concentrations of acetylcholine, one can determine 
the probable acetylcholine content of the sample (Fig. 454). 

Acetylcholine is constantly being released at parasympathetic nerve ends 
imder normal conditions because of parasympathetic “tone,” i.e. the steady 
stream of impulses which are discharged at a low frequency from the nerve 
centres. The amount released is considerably increased by parasympathetic 
nerve stimulation. Acetylcholine is found in extracts of iris and of the ciliary 
bodies ; the amount present is increased by third nerve stimulation ; it is 
very important to note that it disappears completely after third nerve section 
and degeneration. 

Action ^ of Atropine . — ^Atropine does not interfere with the release of 
acetylcholine at parasympathetic postganglionic terminals ; but it prevents 
the acetylcholine which is released from acting on the tissue cells. Subsequent 
parasympathetic stimulation consequently produces no functional changes in 
the organs supplied. ^ Atropine is often said to “ paralyse parasympaSietic 
nerve endings ” ; this is not true ; the current expression is that atropine 
“ annuls the effects ” of parasympathetic stimulation or “ blocks ” the 
parasympathetic nerve endings (cf. action of curare, pp. 516, 524). 
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Acetylcholine as Transmitter in Autonomic Ganglia.^ — This question 
is fully considered on p. 523. 

Chemical Transmitters of Antidromic Vasodilators in Dorsal 
Nerve Roots. — Stimulation of the peripheral end of a cut dorsal nerve 
root, i.e. towards the body surface, produces dilatation of the blood vessels 
(arterioles, capillaries, and venules), in the corresponding region of the skin 
and of the blood vessels of muscles. A limb enclosed in a plethysmograph 
consequently shows an increase in volume (Fig. 455). The fibres concerned 
have their cell bodies in the dorsal root ganglion, and not in the spinal cord : 
if the dorsal nerve root is cut peripheral to the ganglion (Fig. 195, point 2) 
and time is allowed to elapse for the appropriate nerve fibres to degenerate, 
this vasodilator effect is abolished ; if 
the section is central to the ganglion 
(Fig. 195, point 1), the vasodilator 
fibres survive indefinitely. The nervous 
impulses in these experiments are called 
antidromic because they are trans- 
mitted in the reverse to the normal 
direction. If the ventral roots are cut 
and allowed to degenerate, it is found 
that subsequent peripheral stimulation 
of the cut dorsal root gives rise to a slow 
contraction of the skeletal muscles 
which havebeen deprived of their motor 
supply (the Sherrington phenomenon). 

The dorsal root fibres responsible 
for all the effects described are fine 
meduUated nerves, conducting slowly 
at a rate of about 1 metre per second, j^g. 454. — ^Estimation of Acetylcholine 

The explanation of these remarkable in Physiological Fluids. (Feldberg 

results is as follows. Branches of Gaddum, J. Physiol., 1934, 81.) 

the dorsal root fibres which reach the 

skill or muscles give off collaterals to a. coUectea during nerve stim- 

supply the walls of the local blood d. control fluid. 

vessels (Fig. 195). When the anti- b- is and so w 

dromic impulses reach these vessels they Ifote in a, B, C inhibition of heart and contraction 
, 1*1. •j.j. 1. * 1. of leech muscle. Test solution A is equiva. 

release chemical transmitters WJncn lent to about 20 m- of acetylcholine per litre 

are responsible for the effects described. 

(1) Ejects on There is evidence that acetylcholine is released 

at the ends of the dorsal root collaterals supplying the muscle vessels and is 
responsible for their dilatation. The acetylcholine thi^ released diffuses 
away and reaches the skeletal muscle fibres in the vicmity. It has^ been 
pointed out (p. 516) that motor denervation sensitizes tissues to the action of 
their normal transmitters. When skeletal muscle has been deprived of its 
motor nerve supply the sensitized tissue responds by contraction to the 
presence of acetylcholine in its vicinity. Intravenously injected acetylcholine 
likewise produces dilatation of muscle blood vessels and contraction of 
denervated skeletal muscle. 

^ Feldberg and Gaddum, J . Physiol., 1934, 81, 305. Brown* Physiol. Bev., 1937, 17, 
486. Eccles, Ergeb. Physiol., 1936, 88, 339. 
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(2) Effects on According to Lewis, the vasodilatation in the sUn 

produced by peripheral dorsal root stimulation is due to the liberation there 
of a substance which resembles histamine (-H-substance) in its physiological 
properties. The question is further considered on pp. 309 and 323 et seq. 
Evidence is presented on p. 513 that acetylcholine is the transmitter 
at motor end plates in skeletal muscle. Its relationship to transmission 
processes in the central nervous system is considered on pp. 530 et seq. 

Chemical Transmitter of Sympathetic Postganglionic Fibres.^^ — 
The postganglionic fibres of the sympathetic produce their effects by releasing 
adrenaline or the closely related substance nor-adrenaline at their terminals. 
The transmitter will for convenience be referred to as adrenaline (p. 510). 
These results explain the so-called sympathomimetic action of adrenaline. 



Fio. 455. — ^Vasodilators in Dorsal Nerve 
Roots. (Bayliss.) 

Upper record (A) limb volume ; lower record 
(B) blood pressure. SiRual : stimulation 
of the peripheral end of a lumbar dorsal 
nerve root eight days after section be- 
tween the spinal cord and the ganglion. 
Note the increase In limb volume (indica- 
tive of vasodilatation) without change in 
the level of the blood pressure. 



Fig. 456. — ^R^elease of 
Sympathetic Trans- 
mitter in Frog’s 
Heart. (Loewi, 
P fingers A rchiv., 1921, 
189.) 

Becord of movements of isol- 
ated perfused frog’s ven- 
tricle. At the point marked 
by the arrow there was 
added to the perfusing fluid 
the contents of another 
frog’s ventricle which had 
been subjected to sympath- 
etic stimulation. Note as a 
result the increased ampli- 
tude of the contractions. 


i.e. that it produces on injection the same results as sympathetic stimulation ; 
no other result could be expected if the sympathetic itself produces its effects 
by releasing adrenaline at its terminals (cf. p. 724). 

The following experiments may be quoted : 

(1) Stimulation of the sympathetic nerve supply to the isolated frog’s 
heart releases a substance in the ventricle which can be transferred to and 
causes sympathetic effects on another heart, i.e, increased force and rate of 
contraction (Fig. 456). 

(2) Stimulation of the peripheral cut end of the sympathetic supply to 
structures in the hinder part of the body of the adrenalectomized cat, e.g, to 
the tail hairs, intestine, uterus, or bladder, causes acceleration of the dener- 
vated heart 2 (cf. p. 729). The maximal acceleration may occur several 

^Bacq, Ergeb. Physiol., 1935, 37, 82; Rosenblueth, Physiol. Rev., 1937, 17, 514. 
Cannon and Rosenblueth, Autonomic Neuro-effector System, New York, 1937. 

* Cannon et al., Amer. J. Physiol., 1931, 96, 392 ; 97, 365 ; 1932, 99, 398. 
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minutes after nerve stimulation is discontinued ; the effect is further delayed 
if the venous return from the stimulated region is temporarily arrested. 
Stimulation of the peripheral cut end of the sciatic nerve (which contains- 
sympathetic fibres) causes adrenaline-like effects on distant organs, e.g, 
dilatation of the pupil (Fig. 457), inhibition of the intestine, a rise of blood 
sugar, and contraction of the spleen. All these results can be reproduced 
even when the postganglionic fibres to the responding organs have been 
cut and allowed to degenerate, 
and the adrenals removed. MM 
Chemical exammation shows 
that the responsible exciting 
substance is adrenaline (or 
nor-adrenaline). 

The adrenaline released at 
sympathetic postganglionic nerve 
endings exerts its effects pre- 
ponderantly locally at the site 
of its liberation; small quantities, 
however, as has been shown, 
may escape into the general 
circulation and produce slight 
effects at a distance. As they 
release chemical intermediaries 
peripherally, all sympathetic (and 
pa: 

De ca: 



TIME IN MINUTES 

Fia. 457. — ^Release of Sympathetic Transmitter 
by Sympathetic Fibres to Limb. (Bacq, 
Arch, internat. Physiol., 1933.) 

Record of diameter of deaervated pupil. During the 
period indicated by the signal, the peripheral end 
of the cut sciatic nerve was stimulated (this nerve 
contains postganglionic sympathetic fibres). After 
a latent period the pupil i ' 


athetic) nerves might 
‘‘ secretory ” nerves ; 
or, alternately, one can regard 
the adrenal medulla as a large 
differentiated ganglion cell plus sympathetic ending. The essential difference 
between the sympathetic system and the adrenal medulla is that the 
former can act with greater precision on restricted parts of the body 
while the latter produces effects which are more generalized and diffuse.^ 


THE ADRENAL MEDULLA ^ 

The structure, comparative anatomy and embryology of the adrenal 
medulla are described on p. 943. The physiolo^ of the medulla is dealt 
with here because its active principle (or principles) p as closely related 
functionally (as it is developmentally) to the sympathetic nervous system. 

The active principle of the adrenal medulla has hitherto been thought to 
be adrenaline, which can be readily extracted from the medulla and can be 
demonstrated in the adrenal venous blood ; recent careful work has shown 
however that the medulla also secretes the closely related substance called 
nor-adrenaline (which is adrenaline minus its terminal CH 3 group (p. 729)). 
The relative amounts of adrenaline and nor-adrenaline secreted vary a good 
deal for reasons that are unknown. There are significant differences in the 

^ The action of amine oxidase and ephedrine are considered P* 

® Cannon, Bodily Changes in Pain, Hunger, Fear and Mage, 2nd edn., 1929. 
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physiological actions of adrenaline and nor-adrenaline. Until the mattei 
has been further clarified, it is convenient to discuss the hormone of the 
adrenal medulla as though it were only adrenaline. 

In the resting condition of the body it is not certain whether any secretioli 
is discharged from the medulla, though there is some suggestive evidence. 
In various states of emergency or stress there is no doubt that adrenaline 
is poured into the circulating blood and acts mainly by reinforcing the activity 
of the sympathetic system. 

Actions of Adrenaline.^ — In general adrenaline affects all sympathetic- 
ally innervated structures throughout the body and produces the same 
changes as does stimulation of their sympathetic nerve supply. (Adrenaline 
also acts on elements of the central nervous system.) 

Briefly stated, the effects are (cf. pp. 708 et seg,) : 

(1) Eye : dilatation of the pupil (cf. p. 729) and retraction of the lids. 

(2) Heart : the direct effects on the heart are acceleration, increased force 
of the beat, and increase in cardiac excitability and conductivity. 

(3) BlpM -Yessels : constriction of the arterioles and capillaries in the 
skin ; constriction of the splanchnic blood vessels ; dilatation of the blood 
vessels supplying the heart and skeletal muscle. 

(4) Bronchi : relaxation of the muscle coat. 

(5) Intestine : inhibition of the intestinal wall and closure of the sphincters. 

(6) : conversion of glycogen into glucose. Contraction of the capsule 
of spleen and the wall of gall-hladder. 

(7) Bladder : relaxation of the detrusor and contraction of the sphincter 
and trigone (p. 767). 

(8) Uterus : varying effects are produced. In women the uterus is 
inhibited during labour and the puerperium. 

(9) Shin structures : excitation of arrectores pili and other smooth 
muscle in the skin. In man no secretion of sweat is produced (but see p. 481). 

(10) Sheletal muscle: it antagonizes muscular fatigue, enhances excita- 
bility, and antagonizes the action of curare (p. 621). 

Certain points must be elaborated in greater detail. 

1. Circulation. — A. Action in Animals. — (1) Blood Pressure. — Injection 
of adrenaline intravenously (in animals) produces a rapid and marked rise of 
arterial blood pressure (Fig, 458, A) (up to levels as high as 250 mm. Hg). The 
pressor effect is due to vasoconstriction, mainly in the skin and splanchnic 
area. The volume of a limb, kidney, or intestine (recorded with a plethysmo- 
graph) shrinks markedly, showing that the volume of blood in these parts 
is decreased because of contraction of the blood vessels. Similarly the blood 
flow through these regions descreases strikingly. The blood vessels of skeletal 
muscle dilate ; thus, though the volume of an intact limb diminishes, the 
volume of a skinned limb increases after injection of adrenaline. The coronary 
vessels also dilate. The intensity of the action of adrenaline on different 
vessels is .probably related directly to the richness off their sympathetic 
irmeryation. As might be anticipated, adbcgnahne has 
cona^ctpr .action on t^^ and pulmonary^yessejs The net result of 

^The differences between the action of adrenaline and nor-adrenaline are mainly 
quantitative. Thus, if the dose of adrenaline necessary to produce a given effect is taken 
as 1, that of nor-adrenaline is : on cat’s blood pressure, 0*8 ; rabbit ileum, 2 ; frog perfused 
heart, 33 ; rat non-pregnant uterus, 100. 
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these varying vascular effects is to redistribute the blood flow in a manner 
appropriate for conditions of stress. The flow is diverted from the skin and 
splanchnic areas and directed to the coronary and skeletal vessels which are 
actively dilated (mfra). The rise of blood pressure further increases the rate 
of flow in this latter group of vessels ; it also probably overcomes the slight 
constriction (directly produced) of the cerebral vessels, thus finally increasing 
the blood supply to the brain. 

Adrenaline acts 'peripherally on the muscle coat of the blood vessels. It 
produces its pressor action after destruction of the medulla and spinal cord 
and after paralysis of the sympathetic ganglia by nicotine ; the blood vessels 
of the skm are constricted even after section and degeneration of all the 
sympathetic nerves to the part. 

(2) Heart. — ^Using the isolated mammalian heart perfused through the 
coronary vessels (p. 236) adrenaline produces an increase in the rate and 
force of cardiac contraction. 

A pressor injection of adrenaline in the intact animal commonly slows the 
heart (Fig. 458, A). The we of arteriaLblood pressure stimulates the. presso- 
receptors in the carotid , sinus and aortic arch ; a;fferent impulses pass up to 
stimulate the cardio-inhibitory centre and reflexly, via the va^,, the heart 
rate is slowed (in other words, the direct accelerator action of adrenaline on 
the heart is reflexly overcome). This reflex cardiac slowing is abolished by 
section of the sino-aortic nerves, section of the vagi, or “ blocking ” of the 
vagal endings by atropine ; it is also annulled when the blood pressure is 
prevented from rising by the use of a suitable compensator device (Fig. 458, B) ; 
under these experimental conditions adrenaline, intravenously injected, 
quickens the heart. 

B. Action' in Man. — An intravenous injection of adrenaline of e.g. 0-3 
mg. produces a considerable rise of blood pressure {e.g. to 210 mm. Hg) 
associated with marked pallor owing to constriction of skin vessels. JChe 
skm temperature, as nught be expected, falls, especially in the hands and feet. 
The heart rate rises and there is increased, excitability of the myocardium 
resulting in the development of numerous extrasystoles (p. 270) ; conduction 
i n the bundle of His is speeded up If adrenaline is inj ected intravenously in 
minute amountT (1-2 /xg.) there may be no change in arterial blood pressure 
or pulse rate or in the state of the skin vessels, but the muscle vessels in the 
calf or forearm dilate and the blood flow through them increases. These 
experiments prove conclusively that adrenaline actively dilates muscle vessels 
in man. 

Subcutaneous injection of adrenaline {e.g. 0-2 c.c. of a 0*1% solution) 
causes constriction locally of arterioles and capillaries (p. 322), so that a cold 
pale patch of skin is produced. 

If the heart has been arrested by an overdose of an ansesthetic, intra- 
cardiac injection of adrenaline may restore the rhythmic beat (cf. p. 294). 

2. Respiration, — ^During the height of the rise of blood pressure which 
follows the intravenous injection of adrenaline in animals the respiratory 
movements often cease or become very shallow (Fig. 458, A). This adrenaline 
apnoea, as it is called, is mainly reflexly produced by the rise of blood pressure 
which stimulates afferent nerve endings in the aortic arch and carotid sinus 

^ Similar changes are observed when large doses of adr e n ali ne are secreted by the cells 
of a tumour of the adrenal medulla (cfl p. 734). 
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(cf. Fig. 477). The apnoea is almost completely abolished after division of the 
vagi and denervation of the carotid sinuses, or if the rise of blood pressure is 
prevented from taking place by means of a compensating device (Fig. 458 B) 
'In man, adrenaline apnoea does not occur ; in fact in the “ hypertensive 




Fig. 458. — ^Action of Adrenaline on Blood Pressure and on Respiration. fWriwlit J* 

Physiol., 1930.) ® 

Cat, chloralose ansesthesia. The records from above downwards represent blood pressure, respiration 
Md time in 2 seconds. The vagi are intact. In A, 0-1 mg. adrenaline was injected at the arrow'. 

pressure and the obvious slowing of the heart rate. The breathing is 
inhibited at first and gradually returns to normal. ® 

Si adrenaline (0-2 mg.) was injected. By means of a special compensation 

^® pressure was almost completely prevented. Note that there is no slowing of 

ti^ heart, and only a transient slight decrease in respiration, following which the breathing beeves 

«>e Slowing or the heart and the respiratory depression 
^^rtee^f Wo^^resSi^*^^ J*-ifiiQal (A) are not due to the adrenaline itself but result (reflexly) from 


crisis of tumours of the adrenal medulla, the breathing becomes deep and 
rapid (p. 734). ^ 

Adrenaline increases the basal metabolism by about 20%, as the result 
of iucrcaiSed oxidation in the tissues generally. These changes come on 
within a few minutes of the injection and persist for about half an hour (p. 380). 
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The bronchi are relaxed; this action is the basis of the treatment 
of the spasm of bronchial asthma by subcutaneous injection of adrenaline 
(p. 409). 

3. Muscle.— The actions on skeletal muscle are important. The muscles 
can work to better advantage owing to their improved blood supply ; in 
addition (cf. p.^ 521) adrenahne increases the force of contraction both of 
normal and fatigued muscle in response to stimulation of its motor nerve. 
Adrenaline also has a marked anti-curare action (p. 522). 

4. Blood. — (i) Adrenaline stimulates the conversion of glycogen in the 
liver into glucose which is then poured into the circulating blood. The 

cc 
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Fig. 459. — ^Effect of Adrenaline on Circulation and Kidney Function in Man. 

(Chasis et al, J. din, Investig,, 1938, 17, 688.) 

Diodrast*=diodrast clearance =renal plasma flow per minute in c.c. Inulin=inulin clear- 
ance = glomerular filtration rate in c.c. per minute. Piltr. Fr.= filtration fraction = 
glomerular filtrate/renal plasma flow. blood pr^ure; upper line=systolic, 

lower line = diastolic, pressure in mm. Hg. Urine =urine volume in c.c./ 10 minutes. 

Time in minutes. 

At arrow, inject 1 mg. of adrenaline subcutaneously. Renal plasma flow decreases 
from 680 to 373 c.c./minute ; glomerular filtrate is unchanged ; filtration fraction 
rises from 16 to 30%. The volume of urine is reduced. 

level of the blood sugar rises ; if glomerular filtration of sugar is increased 
sufficiently, sugar is excreted in the urine [glucosuria), H the liver has 
previously been emptied of glycogen, a rise of blood sugar may stiU be 
produced by adrenaline either (a) because of stimulation of neoglucogenesis, 
or (b) owing to the conversion of muscle glycogen to lactic acid which enters 
the blood and is converted by the liver into blood glucose. 

(ii) Blood coagulation time may be diminished. 

(iii) Subcutaneous injection of adrenaline (e,g, 0-8 mg.) in man usually 
increases the red cell count, the hsematocrit value (e,g, from 44-7 to 46*1%), 
the hsemoglobin concentration (e,g. from 14*5 to 15*2 g-%), and the plasma 
protein concentration (e,g, from 6*6 to 7*0 g-%)* The rise in red cell count 
and the related changes have been attributed to mobilization of red cells 
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from depots, especially the spleen. Changes of the same magnitude, however 
take place in splenectomized patients.^ As the plasma protein concentration 
rises to the same extent as the red cells, the changes may be the result of 
simple hsemoconcentration due to movement of fluid out of the blood. 

(iv) By causing a discharge of adrenal corticoids {infra) injection of 
adrenaline {e.g, 0*2 mg.) temporarily decreases the number of circulating 
eosinophil leucocytes (p. 961). The neutrophils increase in number ; the 
lymphocyte count first rises and then falls. 

5. Kidney. — The eJffects of pressor doses of adrenaline (1 mg. subcutane- 
ously) in man are well summarized in Fig. 459. The blood flow through the 
kidney is cut down almost to half its original value owing to constriction 
of the renal arterioles. In spite of the diminished total renal blood flow the 
volume of glomerular filtrate formed is unchanged ; the filtration fraction 
{i.e, the ratio of volume of glomerular filtrate/plasma flow) rises, e.g. from the 

normal 16% to 30%, indicating that 
glomerulp capillary pressure has been 
substantially increased. The evidence 
as a whole proves that adrenaline 
constricts specifically the glomerular 
efferent arterioles (cf. p. 25). The 
volume oi urine is decreased considerably; 
this change must be attributed to more 
complete reabsorption of water from 
the lumen of the tubules into the blood. 

6. Anterior Pituitary and Ad- 
renal Cortex. — Adrenaline stimulates 
the anterior pituitary causing the release 
of pituitary corticotrophin (ACTH) ; as 
a result there is increased secretion of 
adrenal corticoids (p. 950). 

7. Spinal Cord. — Adrenalme acts 
on the central nervous system as well 
as peripherally. Thus in large doses 
it diminishes muscle tone and somatic 
reflexes (like the knee-jerk) by a direct 
depressant action on the spinal cord 
(there may be an initial excitatory 

action). These effects are independent of the associated changes in blood 
pressure or respiration, and are not due to constriction of the vessels 
supplying the cord or to afferent impulses in the sino-aortic nerves (Fig. 460). 

Adrenaline may also act on the supraoptic nucleus stimulating the release 
of ADH from the neurohypophysis. 

Site of Action of Adrenaline. — There is no doubt that the site of 
action of adrenaline on viscera and on skeletal muscle is a peripheral one ; 
thus it acts on the isolated heart, the isolated intestine, or the blood vessels 
of the denervated hmb. Its site of action is not the anatomical sympathetic 
nerve endings as it can still produce its effects on viscera after these nerve 
endings have degenerated. In fact the loss of the sympathetic nerve ends 
makes glands and smooth muscle respond in a more sensitive manner to 
1 Ebert and Stead, Amer. J, med. Sci,, 1941, 201, 659. 



Fig. 460, — ^Action of Adrenaline on 
Spinal Cord. (Sobweitzer and 
Wright, J. Physiol., 1937.) 

Cat. : Becords from above downwards are : 
knee-jerk (elicited every 6 seconds), blood 
pressure, and time in 30 seconds. Between 
A and B cut sino-aortic nerves. At each 
arrow inject 0-2 mg. of adrenaline : 
inhibition of the knee-jerk and decreased 
quadriceps tone occurs in each case. 
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adrenaline, e.g. adrenaline introduced into the conjunctival sac dilates the 
' pupil after extirpation of the superior cervical ganglion, but not when the 
nerve supply is intact _(cf. p. 516). Skin blood vessels similarly respond more 
readily to adrenaline in man after, say, stellate ganghonectomy (cf. p. 359). 
Adrenaline thus acts directly on the muscle or gland cell distal to the nerve 
endings, presumably at the point where the chemical transmitter is released 
by sympathetic nerve impulses (p. 508, 722). 

The action of adrenahne is intensified (“ potentiated ”) by administration 
of ephedrine (p. 510) cocaine or thyroid. After injection of large doses of 
ergotoxin, doses of adrenaline which were previously pressor, produce a fall 
of blood pressure. 

Steuctuke of Adeenaline.^ — Adrenaline and nor-adrenaline are related 
to the amino-acid tyrosine as shown by the formulae below : 


OH 

OH 

OH 

II 


^OH 

\/ 

\/ 

\/ 

CHj.CHNHj.COOH 

CHOH.CH5HHCH3 

CHOH.CHjNH, 

Tyrosine 

para-hydroxy-phenyl-amino- 
propionio acid. 

Adrenaline 

Nor-adrenaline. 


Injected adrenaline rapidly disappears from the blood ; it is partly 
destroyed by the enzyme amine oxidase which is present both in blood and in 
tissues. 

Functions of the Adrenal Medulla.-- So far we have discussed the 
action of adrenaline from the pharmacological standpoint, as we would have 
considered that of any other drug. We must now consider a totally different 
question : What does the adrenal medulla do in the body ? The methods of 
study employed will first be described. 

(1) Histological. — When the adrenal is fixed with osmic acid, black 
granules can be seen in the medulla, which represent the adrenaline store of 
the gland. The changes produced in the adrenaline content under various 
conditions can thus be studied. It is found, for example, that exposure of a 
small animal to cold causes the granules to disappear ; this observation 
suggests that cold stimulates the gland to secrete adrenaline to the point of 
esiaustion. 

(2) Deneevated Heaet.^ — This preparation is sensitive to adrena l i n e in 
minute concentrations, e.g. as low as 2*5 X 10"®. K any change in the state of 
such an animal produces cardiac acceleration it can be attributed either to 
adrenahne secreted by the medulla or to sympathetic transmitter which has 
diffused into the general circulation. If the acceleration is abolished by 
section of the nerves to the adrenals it must have been previously due to 
adrenaline secretion by the gland. 

(3) Ceoss Cieculation Expeeiments (Fig. 461).— The venous blood 

^ Blaschko, in The Hormones (ed. Pincus and Thimann), N.Y., 1960, 2, 601. 

^ The stellate and other ganglia supplying sympathetic fibres to the heart are extirpated 
and the cardiac fibres of the vagus are cut. 
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from the adrenal of a dog (B) is drained into the circulation of an adrenal- 
ectomized dog (C), which serves as the test preparation. The blood pressure 
and volume of an organ (e,g. spleen or intestine) in C are recorded. A rise 
of pressure and constriction of the spleen or intestine of C are taken to 
indicate increased secretion of adrenaline in B ; a fall of blood pressure and 
dilatation of the viscera of C indicate inhibition of adrenaline secretion in B. 
By these means it has been shown, for example, that a fall of blood pressure 
in B stimulates adrenaline secretion, while a rise of blood pressure inhibits 



Fig. 461. — Diagram to illustrate Cross Circulation Technique. 

(Tournade and Heymans.) 

Animal A (not drawn) perfUses the isolated carotid sinus region of B ; a brings 
blood from the carotid artery of A and b leads the blood back to the jugular 
vein of A. The carotid sinus of B Is excluded from the circulation but is 
connected by means of its aflFerent nerve with the medulla. Blood is drained 
from the adrenal vein of B into the jugular vein of the adrenalectomized 
animal 0. The blood pressure of B and C are recorded from the femoral 
artery. The volume clianges of the spleen of C are recorded by means of a 
plethysmograph connected with a tambour. 

secretion. Rigid proof can also be obtained in this manner that the splanch- 
nics are the secretory nerves to the adrenal medulla (Fig. 462). 

Nervous Control of Adrenaline Secretion. — The splanchnic fibres 
which end in the adrenal medulla are ^preganglionic ; they end directly 
round the medullary cells themselves. As might be expected, the chemical 
transmitter between these preganglionic fibres and the adrenal cells is acetyl- 
choline (ie. as in autonomic ganglia generally) (cf. p. 523), When the periph- 
eral end of the splanchnic nerve is stimulated, adrenaline is secreted ; this 
can be demonstrated by leading the blood from the adrenal vein into another 
animal (the recipient), wliere it produces a rise of blood pressure and 
vasoconstriction (Fig. 462). There is probably a centre in the brain 
stem which exercises a higher control. The activity of this centre may 
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be modified by afferent impulses, especially along the sinus and aortic 
nerves. The secretion of adrenaline ceases after bilateral splanchnic nerve 
section. 

Regulation of Adrenaline Secretion. — Continuous Secretion. — It has 
hitherto been generally accepted that adrenaline is not secreted under 
resting conditions. The following experiments are offered in support of 
the contrary view : Adrenalectomy in the dog causes the blood pressure 
to fall and the rate of the denervated heart to decrease (in acute 
experiments). It is possible to drain the blood from the adrenal of 
another animal — the donor B — ^into the jugular vein of the adrenalectomized 
recipient 0. The entrance of 
the adrenal blood from the 
resting animal (B) causes the 
blood pressure and heart rate 
in C to rise and the spleen 
volume to decrease (indicative 
of arteriolar constriction); if 
the venous inflow from B is 
arrested the blood pressure in 
0 falls and the spleen volume 
increases (Fig. 463). These 
observations suggest that a 
resting secretion of adrena- 
line takes place in B. It can 
be fairly argued, however, 
that animal B can hardly be 
compared with a normal intact 
animal in view of the com- 
plicated operative procedure 
to which it has of necessity 
been subjected; the question 
of continuous secretion under 
normal resting conditions is 
still undecided. 

Adrenaline Secretion 
during Conditions of 
Stress. — By the various 
methods described above it 
can be shown that adrenaline secretion is stimulated by (i) 'physical exertion and 
certain emotional states, (ii) exposure to cold, {m)fall of arterial blood pressure, (iv) 
asphyxia and cerebral ancemia, (v) ancesthesia, (vi) stimulation of afferent nerves, 
(vii) hypoglyccemia (p. 915). The adrenaline thus poured out acts mainly on 
various sympathetically innervated structures and enables the body to deal 
more adequately with the state of emergency.^ It also causes a secretion 
of adrenal corticoids which are thought to be of value in the general response 
to stress (p. 947). As the adrenal cortex is not innervated by the sympathetic, 
adrenaline in this instance is producing effects which cannot be directly 
brought about by the sympathetic. 

1 A sudden rise of arterial pressure in the resting ” experimental animal reflexly 
decreases adrenaline secretion. 



462. — Splanchnic Control of 

Secretion. (Tournade.) 


Adrenaline 


The animals B (donor) and C (recipient) are connected up 
like B and C in Fig. 461. 

The records from above downwards are : Blood pressure of 
donor B, blood pressure of adrenalectomized recipient C, 
intestinal volume of recipient C. 

During the period marked by the signal line the splanchnic 
nerve in B is stimulated. There is the usual rise of 
blood pressure in B. Adrenaline is secreted and enters 
the circulation of C and produces there a rise of blood 
pressure and constriction of the intestinal vessels. 
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presumed to perform the following functions : (i) aid the redistribution 
of blood in the body to the active muscles ; (ii) increase the force and rate of 
the heart and the coronary blood flow, and thus enable the heart to cope 
better with the larger venous return ; (iii) mobilize hver glycogen and provide 
glucose for the active tissues ; (iv) dimmish fatigue in skeletal muscle (p. 521) ; 
(v) in some species (but probably not in man) increase the oxygen-carrying 
power of the blood by discharging the red cells stored in the spleen ; (vi) 
relaxation of the bronchi (facihtating ventilation of the alveoli), dilation of 
the pupil, and closure of the sphmcters, may be other effects of value to the 
organism. But as already explained the response to such states of stress is 
little impaired in animals after 'exclusion of the adrenal medulla and even 
after complete sympathectomy. 



Fig. 464. — ^Adrenaline Secretion as a Result of Emotion. (Cannon and Britton, Amer. J 

Physiol,, 1927.) 

Denervated heart preparation. Oat excited by barking dog for 2 minutes, then removed from cage and 
rested qiiletly on a cn^on. With adrenals inactivated by denervation, there was only a slight incre^e 
in heart rate, which rapidly subsided. With active adrenals there was a faster heart rate, which 
persisted for over 20 minutes though the cat was excited for only 1 minute. 

Exposure to Cold (cf, p. 480). — When a cat is exposed to a current 
of cold air or if cold water is introduced into the stomach, the rate of 
the denervated heart increases by 10-33% ; if the experiment is repeated 
after inactivation of the adrenals the rate diminishes because of the direct 
effect of cold on the heart. Clearly, adrenaline is secreted under the circum- 
stances of the experiment and helps to maintain body temperature ; it 
presumably stimulates cellular metabolism and increases heat formation, con- 
stricts the sldn vessels and so diminishes heat loss, and mobilizes hver glycogen 
to provide energy. Adrenaline secretion is the primary delicate reaction 
to cold ; shivering is the second grosser compensatory mechanism. Cannon 
expresses it thus : from the standpoint of temperature regulation, adrenaline 
secretion is a ‘‘ fine ’’ adjustment, shivering a “ coarse ’’ adjustment.^ 

^ A bout of shivering may give rise to a sudden intense increase of the metabolism, 
e,g, to 60 or 80% above normaL 
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Adrenal and Blood Pressure Regulation.— Adrenaline secretion is 
adjusted to assist'in steadily maintaining the normal resting blood pressure. 
Thus, if the blood pressure is lowered by haemorrhage or by stimulation 
of the peripheral end of the vagus, adrenaline secretion is increased; if 
the blood pressure is raised (for example, by injection of a large volume of 
blood) the secretion is arrested. Even very slight changes in the blood 
pressure may appropriately modify the rate of adrenaline secretion. 

The secretion of adrenaline to help stabilize the blood pressure is reflesdy 

regulated by the aortic and sinus nerves; 
neither the adrenal glands nor the Wbar 
centres controlling them are acted on directly 
by the level of the blood pressure. 

At rest, the aortic and sinus nerves exert, 
in the main, a tonic inhibitory influence over 
adrenal activity ; division of the sino-aortic 
nerves results in increased adrenaline secretion. 

Adrenal Medulla Tumour (Phseo- 
chromocytoma).^ — In this disease there is 
tumour growth of the cells of the adrenal 
medulla, which from time to time secrete large 
doses of ‘‘ adrenaline.’’ ^ The changes produced 
in an attack are in the main those that might 
be expected from the known actions of 
adrenaline. There is severe palpitation “ as 
though the heart would burst through the 
ribs ” ; the pulse rate is rapid, e.g. 120 per 
minute; there is intense cutaneous vasocon- 
striction ; the hands and face are cold and 
pale (sometimes blue) ; there may be profuse 
and drenching sweating; the blood pressure 
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a. 465, — Adrenaline in the Blood 
in Adrenal Medulla Tumour 
(Phse o chrom o o yto ma). 

(Prinzmetal et al., Ann. Surg., 

1937, 16.) 

Plasma was collected during an attack 
of hypertension in which the blood 
pressure was 300 mm. systolic and 
200 mm. diastolic. It was perfused 
through the blood vessels of a 

rabbit’s ear during the period . - . _ . -- ^ 

marked by the thickened line on the may TISO up tO 300 mm. Hg systohc and 

diastolic (“hypertensive crisis”). 

The pupils are widely dilated and do not react 
to light. The breathing (unexpectedly) becomes 
deep and rapid and there may be headache, 
nausea, vomiting and considerable tremulous- 
ness. As the attack passes off flushing sets 
in and the blood pressure falls — to normal in 
early cases, but not in chronic ones. In the 
latter, progressive structural changes develop in 
the blood vessels especially those in the kidney 
(ultimately producing renal failure) and in the retina; the changes resemble 
those found in malignant hypertension (p. 354) . Systemic venous blood collected 
during such an attack has been shown (by perfusion and other methods) to 
contain an adrenaline4iJce substance. In the case illustrated by Fig. 465 
removal of the tumour restored the blood pressure to normal and the adrenaline 
disappeared from the blood.^ 

These tumours may contain both adrenaline and nor-adrenaline in large 
1 Wilkins et al., Arch. int. Med., 1960, 86, 61. OaUdns et at, J. din. Endocrin., 1960, 10, 1. 
* “ Adrenaline ” =adrenaline4- nor-adrenaline . in varying proportions. 


tracing, and the perfusion pressure 
(along the ordinate) recorded in cm. 
H 2 O. A rise of perfusion pressure 
indicates va,soconstriction. Note 
the marked constriction that was 
obtained on each occasion ; re- 
laxation occurred when plasma from 
a normal control subject was 
substituted. The constrictor effect 
was abolished by ergotamine (as is 
the case with adrenaline). Following 
removal of the tumour the blood 
pressure fell to 130/90 and the 
plasma gave negative results. The 
tumour contained adrenaline. 
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amounts, but the ratio between tbe two substances varies widely. Adrenaline 
and nor-adrenaline are excreted in corresponding proportions in tbe urine.^ 


VISCERAL AFFERENT NEURONES.^ 


RESPIRATORY CENTRE 
VASOMOTOR CENTRE 
CARDIAC CENTRE 
ADRENAL CENTRE 


SINUS 

NERVE 


CAROTID 

BODY\ 


-VAGUS 


AORTIC 

NERVE 


CAROTID 
SINUS - 


The topics to be considered cover a wider field than is indicated by the 
title of the section. They include : 

(1) Physiology of the vascular pressure-receptors and chemoreceptors. 

(ii) Cutaneous hyperalgesia. 

(iii) Referred pain, tenderness and 
rigidity from deep somatic structures. 

(iv) Pain of cardiac ischaemia ; 
mechanism of ischaemic pain. 

(v) Sensibility of pleura, pericardium 
and peritoneum. 

(vi) Sensibility of abdominal viscera. 

The visceral afierents are chiefly 

medullated fibres of varying size with an 
admixture of unmyelinated fibres, ail of 
which have their cell bodies in the dorsal 
root ganglia or their cranial homologues. 

Afferent Nerves from the Aorta, 

Great Veins, and Heart. — (1) Aortic 
(“ Depressor ’’) Nerve , — Some fibres arise 
in the adventitia of the arch of the 
aorta (and the beginning of its main 
branches) in sensory endings which 
resemble those found in the carotid 
sinus (p. 737) ; some fibres may also 
come from the wall of the left ventricle. 

The aortic fibres reach the medulla 
oblongata mainly in the vagus trunk. 

The receptors in the aortic wall are 
sensitive to changes in the hhod pressure, 
and send up impulses which reflexly 
regulate blood pressure, heart rate and 
rhythm, adrenaline secretion, and pul- 
monary ventilation (p. 738). Other fibres 
arise in the aortic body which lies near 
the aortic arch; it resembles the carotid 
body in structure and likewise functions 
as a chemoreceptor (p. 738), (Fig. 466). 

(2) Afferents from (heat Veins . — 

A:fferents arise from the roots of the 


S.V. 



AORTIC 

BODY 


I.V.C, 


Fig. 


466. — Afferent Nerves of Cardio- 
vascular System. 


S.V.C., I.V.C.= superior and inferior vena cava. 

Xote the afferent fibres arising from the carotid 
sinus and carotid body, the aortic arch, 
aortic body, and superior and inferior venae 
cavae. 


1 Engel and Euler, Lancet^ ii, 1950, 387. 

* Hurst, Sensibility of Alimentary Canals London, 1911. Mackenzie, Symptoms and 
their Interpretation, 4th edn., London, 1920. Ranson, Physiol. Rev., 1921, 1, 477. Morley, 
Abdomincd Pain, Edinburgh, 1931. Capps, Clinical Study of Pain, New York, 1932, 
Schweitzer, Irradiation Autonomer R^exe, Basle, 1937. Lewis, Pain, New York, 1942. 
Symposium on Pain, Res. PM. Assoc, nerv. ment. Dis., 1942, 23. 
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superior and inferior venae cavse and pulmonary veins (Fig. 467) (and perhaps 
from the right auricle), and pass in the vagus nerve to the medulla. These 
fibres refiexly adjust the rate of the heart to variations in the venous retura 
(p. 272) ; they also refiexly affect respiration (p. 404). 

(3) Afferents from the Heart.— afferent medullated fibres pass from 
the heart in the middle and inferior cervical branches of the sympathetic 
to the corresponding ganglia and thence to the upper two thoracic ganglia ; 
other fibres go direct to the upper thoracic ganglia. The afferents then travel 



Fig. 467. — ^Distribution of Afferent 
(receptor) areas on Venous side of 
Circulation. (Nonidez, Ame/r. J, 
Amt., 1937, 61.) 

Posterior surface of heart showing (stippled areas) 
extent of receptor areas on terminal portions 
of superior vena cava (S.V.C.), inferior vena 
cava (I.V.O.) and pulmonary veins (p). No 
receptors are found in the auricles themselves. 



Fig. 468. — Afferent Nerve Supply of the Heart. 

S.C.G., M.O.G., I.C.G.= Superior, middle, and inferior 
ganglia of cervical sympathetic; C.Br.- communicat- 
ing branch between rami from 1st and 2nd thoracic 
ganglia ; 1st, 2nd, 3rd, 4th Th.= white rami from tho- 
racic sympathetic ganglia to corresponding spinal 
nerves to enter dorsal nerve roots (SP.R.); Sup, 
Card., Middle Card., Inf. Card. =» Superior, middle, 
and inferior cardiac branches of the cervical sympa- 
thetic. 


in the white rami to join the upper four (or more) thoracic dorsal nerve 
roots, and thus enter the spinal cord (Fig. 468). These afferents subserve 
fain sensibihty. The referred pain in angina pectoris (p. 750) and coronary 
disease is felt in the arm and chest, chiefiy in the distribution of the eighth 
cervical to the fourth thoracic dorsal roots. According to Leriche, the 
anginal syndrome may be reproduced in man by stimulation of the stellate 
ganglion ; further, injection of procaine into the ganglion may arrest a 
spontaneous attack of angina. 

Carotid Sinus.^ — The carotid sinus is a dilatation normally present at 
the bifurcation of the common carotid artery ; in man it is usually restricted 

1 Heymans, Bouckaert, and Eegniers, Le Sinus Carotidien, 2nd edn., Paris, 1933. 
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to the first part of the internal carotid (Figs. 469, 470). Lying in the wall of 
t]i6 sinus betw66n tlie white fibres of the adventitiE are characteristic sensory 
nerve endings (Fig. 471). They have the typical structure of stretch receptors 
and resemble those found in the aortic arch and in tendons. Like the aortic 
endings, the smus endings respond to alterations in the level of the blood 
pressure. The afferent fibres from the sinus pass mainly in the glossopharyn- 
geal nerve to the medulla. 



Fig. 469. — Anatomy of Caro- 
tid Sinus. (De Castro, 
Trav, Lah. Bech, Biol., 
1928.) 

Bifurcation of common carotid 
artery, showing carotid sinus as 
dilatation on origin of internal 
carotid artery, + : position of 
sensory nerve endings, o>; 
regions rarely or slightly inner- 
vated. 



Fig. 470. — Section through Carotid 
Sinus Region. (De Castro, Trav. 
Lah. Reck. Biol., 1928.) 

Longitndinal section of bifurcation of common 
carotid artery. Note the (»rotid sinus — 
the dilatation at the commencement of the 
internal carotid artery. Points marked + 
are regions of maximum sensory innerva- 
tion. The sensory nerve endings can be seen 
to lie deep in the adventitia. At points 
marked 0 nerve endings are rarely present. 



Fig. 471. — Sensory Nerve endings in Carotid Sinus. (De Castro, Trav. Lah. Reoh. 

Biol., 1928.) 

Sensory terminals (b, c )lie betwt^n white fibres (a) of adventitia. 


24 
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Carotid and Aortic Bodies.^ — The carotid 



Fig, 472. — Structure of Carotid Body. (De Castro, Trav, 
Lab, Rech, 1926.) 

df««M6diillated sensory fibres ending in intimate relationship 
with the epithelial cells of the carotid body. 


The carotid body consists of masses 
of glandular-looking cells arranged in 
characteristic clumps (Fig. 472). The 
nerve supply is very rich ; there are 
numerous afferent filaments which 
lie close to the gland cells and 
the internal lining of the numerous 
vascular sinuses. They are thus well 
placed to detect alterations in the 
composition of the blood (Fig. 473).^ 
Functions of Carotid and Aortic 
Sinuses. — (1) Results of Stimulation 
of Aortic or Sinus N erves , — Stimulation 
of the central end of the aortic nerve 
(or the central end of the vagus nerve, 
which contains aortic fibres) usually 
reflexly slows and weakens the heart 
andlowers thebloodpressure (Fig. 474); 


body lies at the carotid 
bifurcation near the carotid 
sinus ; the aortic body 
lies in the thorax between 
the pulmonary artery and 
the ascending aorta (Fig. 
466). Both bodies are 
richly supplied with blood 
from special arteries; the 
structure and functions 
of both are identical. They 
function as chemoreceftors 
sampling changes in the 
chemical composition of 
the blood. They are affected 
by alterations in COg and 
0 2 tension, H+ ion concen- 
tration, and the presence of 
certain drugs like nicotine, 
acetylcholine, and cyanide. 
The afferent impulses arising 
in these bodies reflexly 
modify respiration mainly 
(p. 745), and the circulation 
(vasomotor tone and heart 
rate) to a lesser degree. 



Fig. 473. — Innervation of Blood Vessels of 
Carotid Body. (De Castro, Trav, Lab, 
Rech, Biol,, 1926.) 

Afferent nerve endings in the adventitia of a small 
blood vessel in the carotid body. 


1 De Caatro, Trav. Lab, Rech, Biol. Inst. Oajal, 1926, 24, 366. 

® The large peripheral arteries have numerous sensory endings (some unencapsulated, 
others resemblmg end bulbs) in the adventitia, leading to medullated afferent fibres. 
Perfusion experiments on the isolated innervated hind limb show that these endings do 
not react to pressure changes but respond when irritant solutions are employed ; they 
probably subserve pain sensibility. 
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(i) Tlie slowing of the heart is mainly due to reflex stimulation of the 
vagus nucleus, increasing the discharge along the (efferent) vagal 
cardio-inhibitory fibres. After bilateral vagal section or injection of atropine, 
only shght reflex slowing is obtained (because of inhibition of sympathetic 
accelerator tone). The aortic reflex thus employs the antagonistic nerve 
supply of the heart synergistically to produce the desired effect, i,e. the 
vagal inhibitory fibres are stimulated and the sympathetic accelerator 
fibres are simultaneously depressed. 

(ii) The fall of blood pressure is due (a) to decreased cardiac output, and 
(6) to inhibition of the normal tonic discharge of the vasomotor centre, leading 
to generalized vasodilatation and consequently to a decrease in peripheral 
resistance. When the cardiac effects are excluded by vagal section or 
atropine, central stimulation of the aortic nerve still produces a fall of blood 
pressure (Fig. 475), which is less marked because it is due solely to vaso- 
dilatation.^ The secretion of adrenaline may also be arrested (cf. p. 734). 



1 2 


Fig. 474. — ^Reflex Effects on Blood Pressure and Heart Rate produced by Stimulation 
of Central End of Aortic Nerve in the Dog (between points 1 and 2). 
(Schweitzer, Irradiation Autorumer Refiexe, Basle, 1937.) 

KTote fall of blood pressnre and extreme cardiac alowii^. Time in seconds. (Tbe individual heart beats 
cannot be seen during the control period owing to the high heart rate.) 

The aortic reflex illustrates certain features of reflex inhibition in the 
autonomic system (particularly recruitment and after-discharge).^ Increasing 
the frequency of stimulation applied to, the central end of the vagus increases 
the rate and extent of the fall of blood pressure, and sometimes prolongs the 
duration of the recovery process (Fig. 475) ; similar effects are produced 
by increasing the strength of stimulation. Prolongation of the duration of 
stimulation increases the extent of the fall of blood pressure (cf. Fig. 340). 

Sometimes central vagus or aortic nerve stimulation may produce a 
pressor response consisting of reflex cardiac acceleration, and vasoconstriction 
from stimulation of the vasomotor centre ; the blood pressure rises. This 

^ For the methods employed for studying changes in the peripheral circulatioji, cf, 
pp. 304 et seq. 

* Wright, J. Physiol, 1928, 16, 387. 
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experiment proves tkat there is an admixture of some pressor (excitatory 
afferent) fibres among the far more numerous depressor (inhibitory afferent) 
fibres in the aortic nerve (cf. p. 312). These pressor afferents come from 

chemorece'ptor endings (and 
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pressure-receptors) 


I'lu. 475. — Effect on Aortic Depressor Keflex of 
Increasing Frequency of Stimulation. (Wright, 

J. JPhysioL, 1928.) 

Odb. Decerebrate, Eight vagus cut. Stimulate left central 
vagus ; stimuli are approximately of equal duration. Ist, 

8 double shocks per second ; 2nd, 2 d.s.p.s. ; 3rd, 60 d.s.p.s. 

Time in 2 sec. The slight fall of blood pressure wlilch 

precedes the second stimulus is due to slight pulling on the i i ^ j 
nerve during the adjustment of the electrodes. DlOOa. pressure, 

slowing may 

in arteriosclerotic subjects, probably because the sensory endings are pressed 
against the hardened media and so receive vigorous stimulation. Sometimes 
complete cardiac arrest may result (and syncopal symptoms develop), or various 


not from 
(p. 746). 

Stimulation of the sinus 
nerve produces results 

identical with those described 
above for the aortic nerve. 

(2) Effects of Stimulating 
Nerve Endings in Carotid 
Sinus. — (i) The sinus nerve 
endings in man can be stimu- 
lated by applying external 
digital pressure. Such com- 
pression produces the expected 
reflex cardiac slowing, 

vasodilatation, and fall of 
Very marked 
be obtained 



Fio. 476. — ^Effects of Carotid Sinus Compression on Human Heart. (Ward and Wright.) 

Electrocardiographic records (Lead II.) in a man with marked thickening of the carotid arteries. During 
the period between signalling on ” and “ off ” the carotid sinus was compressed. (Upper record, 
left side ; lower record, right side.) 

In the upper record, note transient complete heart block and slowing of the auricular waves (P). In 
the lower record, note marked prolongation of the P-E interval indicating impaired conduction 
in the bundle of His. (Of. Pigs. 161, 162, pp. 283 et seq.y iUustrating clinical heart block.) 


grades of heart block may be. produced (Fig. 476). Attacks of paro:^smal 
tachycardia (p. 290) may occasionally be arrested for a short time in this way. 

In some patients the sinus nerve endings may be so hyperexcitable that 
the slightest pressure on the skill arrests the heart and produces loss of 
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consciousness and epileptiform seizures.^ Denervation of the sinuses abolishes 
the attacks. 

(ii) The carotid sinus endings can be stimulated under comparatively 
physiological conditions in suitably planned perfusion experiments. The 
technique is as follows : One cannula is introduced into the distal end of the 
cut common carotid artery and another into the central end of the external 
carotid artery (or its lingual branch). The internal carotid artery is tied 
off beyond the carotid sinus, as are all branches arising between the points 
of insertion of the cannulas. The nerve supply of the sinus is preserved. 



Fig. 477. — ^Reflex Effects of Rise of Carotid Sinus Pressure on Circulation and Respiration. 
(Heymans and Bouckaert, J, Physiol:) 

E— Eecord of respiration; B.P. —Blood pressure; SJ?.— Pressure In Isolated Innervated carotid sinus. 
Dnring the period a h (indicated by arrows) the carotid sinus piessore was artificially raised. Evira- 
tion was reflexly inhibited and the systemic blood pressure was reflexly lowered. (Both v^ns 
nerves had been cut.) 

The pressure in this carotid hifurcation preparation, or isolated carotid sinus 
preparation, as it is more usually called, can be varied by perfusing it from 
a pump or from the circulation of another animal. If the latter technique 
is used the central end of the carotid artery of the donor (A) is connected 
with the distal end of the carotid of the recipient (B), and thus to the carotid 
sinus region. The blood is returned to A by anastomozing the second cannula 
in B with the central end of the jugular vein of A. The effects of varying 
carotid sinus pressure in B on various functions in the animal, e.g, heart rate, 
arteriolar tone, adrenaline secretion, respiration, action potentials in the sinus 
nerve, skeletal muscle tone, and general visceral activity are carefully studied. 
(3) Effects of Changes in Sinus Pressure. — (i) A rise in sinus pressure 

1 The vagus nerve trunk in man (unlike the carotid sinus endings) is comparatively 
inexcitable to mechanical stimulation. 
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produces reflexly r (o) slowing of tie ieurt, (6) widespread vasodilatatioi, 
and consequently (c) fall of blood pressure (Fig. 477), (d) diminished adrenaline 
secretion, (e) depression or arrest of respiration, (/) diminished tone in skeletal 
muscle, {g) visceral changes, e.g. increased gastric tone and movement, and 
decreased bladder tone (Fig. 478) resulting from the altered level of activity 
of the autonomic nerve supply of these organs. 

(ii) Study of the sinus nerve action potentials shows that as the endo- 
sinusal pressure rises their frequency increases (Fig. 479). As many more 



Fm, 478. — Reflex Effects of Raising 
Carotid Sinus Pressure on Bladder, 
Stomach, and Blood Pressure. 
(Schweitzer, Pflug* Arch., 1934, 2S5.) 
Becords from above downwards are urinary 
bladder pressure (Bl.) ; blood pressure 
(B.B.) ; movements of stomach (St.) ; 
signal, time in seconds. At the signal 
the Isolated innervated carotid sinus was 
disiended an a pressure of 230 mm. Hg. 
Note reflex fall of blood pressure and 
cardiac slowing (greater excursions of 
mercury), diminution of bladder tone 
and increase in gastric tone and move- 
ments. 



Fig. 479. — Afferent Impulses from 
a Single End Organ in the Carotid 
Sinus Stimulated by steady Pres- 
sure within the Sinus. (Bronk and 
Stella, Amer, J. Physiol., 1935, 
110 .) 

In A the sinus pressure is 40 mm. Hg 
,, B „ „ „ 80 „ „ 


Note the increase in the frequency of the 
discharge as the pressure in the sinus 
Is raised. 

Time marker => 0-2 seconds. 


impulses thus arrive at the bulbar centres per unit time, they should produce 
the same effects as increasing the frequency of artificial stimulation of the 
nerve, i.e. a greater reflex depression of the circulation and greater alterations 
of other affected functions ; such indeed is the result observed. 

(iii) When the pressure in the sinuses is artificially lowered the reverse 
effects are produced, i.e, cardiac acceleration, increased cardiac excitability 
and development of irregularities due to extra-systoles, vasoconstriction, 
rise of blood pressure, increase in rate and depth of respiration, increased 
adrenahne secretion and changes in gastro-intestinal tone and movements. 
The action potentials diminish in frequency. It should be emphasized that 





OCCLUSION OF CAROTID ARTERIES 


743 


all the physiological effects described are due to removal of the tonic inhibitory 
afferent impulses in the sinus nerves. 

(iv) Occlusion of the common carotid arteries in the intact animal produces 
similar results (Fig. 480, A), These are not due to the associated cerebral 



Fig. 480. — ^Reflex Effects of Occlusion of Common Carotid Arteries on Blood Pressure 
Heart Rate, and Respiration (Carotid Sinus Reflexes). (Hey mans and Bonds aert 
J. Physiol,, 1931.) 

Experiment on dog : chloralose. Aortic nerves cut. 

Eecords from above downwards : Time in 3 seconds; E : respiration (inspiration = upstroke) ; figures 
below record denote rate of breathing per minute ; B.P. : arterial blood pressure. 

A. Between a and b occlude common carotid arteries : fall of pressure in carotid sinuses produces increase 

in rate and depth of respiration, rise of arterial blood pressure, and increase in heart rate. At h, release 
arteries : sudden distension of carotid sinuses reflexly causes temporary inhibition of breathing, 
slowing of heart, and fail of blood pressure. 

Both carotid sinus nerves cut between A and B. Blood pressure rises from lOO to 280 mm. Hg, and 
heart accelerates ; breathing increase in rate and depth. 

B. Between c and d repeat occlusion of common carotid arteries : no change in respiration or heart rate ; 

slight mechanical increase of blood pressure. At d release arteries : slight mechanical fall of blood 
pressure. 


ansemia. If the arteries are occluded following section of the sinus nerves, the 
changes produced are negligible (Fig. 480, B).^ 


1 When the blood flow through the carotid body is reduced the chemoreceptora are 
stimulated, reflexly raising blood pressure ; this factor contributes to the rise of blood 
pressure produced by lowered carotid sinus pressure or carotid occlusion (p. 746). 
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SECTION OF SINO-AORTIC NERVES 


The high degree of sensitivity of the carotid sinus nerve endings to small 
internal pressure changes is discussed on pp. 273, 312. 

(4) Effects of Section of Sino-Aortic flerves—(i) Heart jRa^e.— Section of 
the sinus or aortic nerves alone usually results in cardiac acceleration. This 
proves that normally they exert a tonic afferent inhibitory influence on the 
resting heart rate ; in terms of the main part of the cardiac centre this means 
that these afferent nerves reflexly, tonically stimulate the cardio-inhibitory 
centre and increase the discharge of impulses along the vagi to the heart. 

All four vaso-sensory nerves may be removed simultaneously in acute 
experiments, or by means of a two-stage operation in animals that are 
allowed to survive, so that the chronic effects can be observed. The heart 
accelerates to the same degree as if the vagi had been divided ; subsequent 
section of the vagi produces no further acceleration. These experiments 



Fxg. 4S1. — Chronic Hypertension in the Rabbit following Division of the Sino-aortio 
Nerves. (Kremer, Scarff, and Wright, Brit, J, exp. Path,, 1933.) 

A. Normal rauge of blood preBsoie la rabbit (mean 90 mm. Hg).^ 

B»i£ange of B.P. after diylsion of slno-aortlc nerveB on one side (mean 110 mm. Hg). 

0-Bange of B.P. after diviaion of slno-aortic nerves on both sides (meau 156 mm. Hg). 


prove that resting vagus tone is wholly reflex in origin and depends on afferent 
impulses along the sinus and aortic nerves (cf. p. 270). 

In these “ deafferented ’’ animals marked cardiac irregularity may be 
present, usually consisting of runs of extra-systoles arising from the right 
or the left ventricle, or from both. In acute experiments fatal ventricular 
fibrillation or pulmonary oedema often develops. The irregularity is abolished 
by section of the cardiac sympathetics or their paralysis with ergotamine ; 
the cardiac irregularity is thus duo to overactivity of the sympathetic inner- 
vation of the heart. These results indicate that the sino-aortio nerves 
normally exert a tonic (afferent) inhibitory effect on the cardiac sympathetic 
and thus help to maintain the normal cardiac rhythm, 

(ii) Blood Pressure, — If both sino-aortic nerves are cut in an acute experi- 
ment the blood pressure rises markedly, owing to increased vasoconstriction 
resulting firom release of the vasomotor centre from tonic inhibitory impulses, 
and greater adrenaline secretion. , If the nerves are removed in two stages 
(separated by several weeks’ interval) the animals may survive for long periods 
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and develop 'persistent hypertension. Experiments along these lines have 
been performed successfiiUy in the rabbit, cat, dog, and monkey, and with 
similar results. In the rabbit, for example, the average normal blood pressure 
is 90 mm. Hg. ; after section of one pair of afferent nerves it is 110 mm. Hg, 
and after bilateral denervation, 155 mm. Hg (Fig. 481). The blood pressure 
tends to fluctuate spontaneously far more widely than in intact animals 
(cf. p. 345). 

Role of Chemoreceptors (Carotid and Aortic Bodies) .i—(l) Carotid 
Body. — Using the perfusion technique already described it can be shown that 
varying the chemical composition of the blood or other fluid flowing through 

the region of the carotid 

bifurcation reflexly affects | I 

tion, or is deficientin oxygen^ 

the principal effect is that - 

respiration is reflexly I I 

stimulated. The reflex I ao 

stimulating action of excess qq _ 

CO, is weU shown in Fig. ^ CO^ A 

482. The frequency of mmmmmmm 

the action potentials in the L i , 

chemoreceptor flbres of the [Fig. 482. — ^Reflex Stimtilation of Breathing by CO 2 
carotid sinus nerve trunk, via Chemoreceptors in Carotid body. (Gayet, 

simultaneously rises indi- Bennati, and Quivy, Arch. irUemat. Pharma- 

eating that more nerve ^ ^ 

Becoids &om two dogs, prepared according to technique 
impulses are being sent up illustrated in Mg. 461, i.e. carotid bifurcation of B is 

to the res’Diratorv centre perfused with blood &om carotid artery of A. Becords 

^ 1 1 -L 1 * f3rom above downwards are : respiration in A (donor) ; 

(Jommoniy tnere are also respiration in B (perfused from A) ; blood pressure in B ; 

reflex effects on the circu- ^^tween the arrows the donor (A) inhaled a 00* rich 

lation, e.Q. acceleration of mixture. Note stimulation of breathing in A and re^ 

-L 1 • Y* stimulation of breathing in B. 

the heart and a rise of 

blood pressure (cf. p. 746). Conversely, if the perfusing fluid is deficient 
in CO2 or is too alkaline, both respiration and circulation are reflexly 
depressed. 

(ii) Certain drugs of physiological interest may produce reflex stimulation 
of breathing. Fig. 483 shows a striking increase of respiration produced 
reflexly by the action of acetylcholine on the chemoreceptors in the carotid 
body. Cyanide (which may act by inducing local anoxia of the nerve endings) 
and nicotine act similarly. 

(iii) Localization of Carotid Chemoreceptors, — The chemoreceptors are 
situated in the carotid body. In several species the carotid body receives 
its blood supply from the occipital artery ; if this vessel is tied the carotid 
sinus and its innervation is left intact, but no blood can reach the carotid 
body or act on its sensory endings. If the carotid bifurcation is now artificially 

1 Symposium, Acta physiol, scand., 1951, 22, 4-82. Schweitzer and Wright, Quart. J. 
exp. Physiol., 1938, 28, 33. 

24 * 


Fig. 482. — ^Reflex Stimulation of Breathing by CO 2 
via (chemoreceptors in Carotid body. (Gayet, 
Bennati, and Quivy, Arch, irdemai. Pharma- 
codyn., 1935, 50.) 

B«cords from two dogs, prepared according to technique 
illustrated in Mg. 461, i.e. carotid bifurcation of B is 
perfused with blood &om carotid artery of A. Becords 
f3rom above downwards are: respiration in A (donor); 
respiration in B (perfused from A) ; blood pressure in B ; 
signal; time in 10 sec. 

Between the arrows the donor (A) inhaled a CO, rich 
mixture. Note stimulation of breathing in A and reflex 
stimulation of breathing in B. 
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perfused it responds normally to changes of internal pressure (i.e. presso- 
receptors intact), but no reactions are obtained when the chemical composition 
of the blood is altered {Le. chemoreceptors not functioning). 

(2) Aortic Chemoreceptors, — The role of the aortic chemoreceptors can 
be demonstrated by more elaborate procedures. An animal is prepared as 
described in the legend to Fig. 484. If the trunk is asphyxiated (Fig. 484) 
or is subjected to COg excess or oxygen lack, or if acid is injected intra- 
venously into it, breathing in the head is rejlexly stimulated ; if the trunk is 
overventilated (to wash out CO 2 ), or if alkali is injected, the breathing in 
the head is rejlexly decreased or even stopped. ^ It must be remembered that 

in these experiments the composition of the 
blood supply to the respiratory centre has 
not been altered at all. The responses des- 
cribed are not abolished by section of the 
pulmonary fibres of the vagus ; the sensory 
endings are in the aortic body, 

(3) Stimulation of the aortic or carotid 
chemoreceptors by oxygen lack causes 
powerful reflex stimulation of the vasomotor 
centre which contributes largely to the rise 
of blood pressure caused by anoxia (p. 310). 
The chemoreceptors are also stimulated 
when the blood flow through them is reduced} 
In hcemorrhage, the blood pressure tends to 
fall, reducing the tonic inhibitory influence of 
the sino-aortic nerves on the vasomotor centre. 
In addition, owing to the decreased cardiac 
output (and possibly because of constriction 
of the blood vessels to the carotid and aortic 
bodies) (Neil) the blood flow to the chemo- 
receptors is reduced with resulting increase in 
their activity ; the afferent impulses set up 
refiexly stimulate the vasomotor centre. The 
vasomotor centre is thus : (i) released from 
tonic afferent inhibition ; (ii) refiexly stimu- 
lated ; general vasoconstriction results which 
helps to maintain or restore the blood pressine 
after haemorrhage (p. 82). When the carotids 
are occluded asphyxia of the carotid body 
results. The chemoreceptor discharge is 
increased and contributes to the reflex rise 



Fro. 483. — ^Reflex Effects of Acetyl- 
choline on Respiration. (Key- 
mans and Bouckaert, Ergeb, 
Physiol., 1939, 41.) 

The carotid sinuses of the recipient dog B 
were perfused by the technique Illus- 
trated in Fig. 461 by blood, from a donor 
dog A. Records ftom above down- 
wards are : respiration of B (recipient) ; 
blood pressure of B ; blood pressure of 
A (perfuser); time in 3 seconds. At 
arrow, inject 0-1 mg. acetylcholine into 
carotid artery of perfuser. Note intense 
reflex stimulation of breathing and 
slowing of the heart in B. 


of blood pressure which occurs (p. 743). 

Afferent Nerves from the Lungs. — The vagus nerve supplies afferent 
fibres to the larynx, respiratory passages, and the alveoli. These fibres are 
protective, and also serve to regulate the rhythm of respiration (p. 387). 
When the lungs are altered by disease (congestion, consolidation, or 
collapse) afferent impulses may be set up which refiexly stimulate 
breathing (pp. 457, 458). 

Afferent impulses from the lungs themselves do not give rise to conscious 
iNeil, Acta physiol, scavd.^ 1951, 22. 54. 
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sensations. Extensive pulmonary disease which does not involve the parietal 
pleura may be wholly painless. 



Fig. 484. — Reflex Stimulation of Respiratory Centre from Aortic Chemoreceptors. 


B>-> Blood prcfsnre of trunk ; E^Eespiratory record of head. The head is Isolated from 
the trunk and only the vagi are left connecting the tvo regions. The head is kept 
alive by perfusion with blood from another anlmai. The trunk is kept alive by 
artificial respiration. Between “ a ** and ** b ** the artificial respiration was stopped In the 
trunk of B. Asphyxia^ of the trunk refieady stimulates (via the vagi) the respiration 
in the head. (Heymans and Heymans, Arch. irOemat. Pharma^j/n. Therap., 1927.) 


Cutaneous Hyperalgesia (Tenderness) .i— The subject is discussed a 
this point because of the light it throws on the understanding of some of the 
phenomena of visceral disease. A strong faradic current, of an intensity to 
produce almost unbearable pain, is applied to 
the skin {e.g, on the surface of the forearm) V k 

for 5 minutes ; the current injures the skin, as A 

shown by the appearance of a wheal (p. 324). . 

Subsequently the surrounding skin becomes A ^ 

sore or tender {cutaneous hyperalgesia). In the \\ 

affected area, the sense of touch (to stimulation ^ ^ ^ 

with cotton wool or Frey’s hairs) is unaffected ^ ^ 

or diminished, but a needle prick produces an ^ 

intense, diffuse, long-lasting pain ; the skin is 

excessively sensitive to slight friction. A certain 

degree of spontaneous burning, smarting, or 

itching may be present. This cutaneous 

hyperalgesia increases in intensity, reaching its 

maximum in about 20-30 minutes ; it also 

spreads progressively up and down the arm and 

may ultimately involve an area of some 20 square 

inches. The tenderness persists for hours, or even 

for as long as a day or more, and gradually 

disappears. The degree and extent of the 

hyperalgesia vary considerably in different 

individuals. Similar results are obtained if the Tig. 485. — Possible Kenral 
skin is injured by other procedures, e.g, freezing Cutaneous Hyper- 

or pinching. algesia. 

Analysis shows that the following mechanism SJSng 

is involved (Fig. 485). When the skin is injured doi^d circle : area of 

chemical agents are released which stimulate the 

local nociceptive (pain) endings ; impulses consequently pass up along afferent 
nerves (A) to the central nervous system and give rise to the initial sensation 
1 Lera, Clin, Sd., 1936, 2, 373 ; 1937, 3, 59. 


Pig. 485. — Possible Neural 
Basis of Cutaneous Hyper- 
algesia. 

Black circle : skin area subjected 
to strong faradic stimulation. 
Large dotted circle: area of 
cutaneous hypexalg^iia. 
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of localized pain. It is known that the cutaneous afferent nerves branch in 
the skin to supply blood vessels in the vicinity ; it is suggested that in 
addition other branches are given off which ramify over a considerable area 
ending throughout in shin cells. It is thought that when impulses along 
these filaments reach the skin cells they release some stable (and unidentified) 
chemical product which modifies the behaviour of the local cutaneous nerve 
endings, e.g. those connected with B', B", B'", so giving rise to the abnormal 
state of slnn sensibility already described. We seem to be dealing with the 
neural transmission of a chemical disturbance (the converse of the humoral 
transmission of a nervous disturbance (p. 508)) ; i.e. a chemical change set 
up in a discrete area of skin by an injury sets up nervous impulses which in 
their turn produce a long lasting chemical disturbance in a related wide skin 
area. In this latter zone the local pain nerves '' register ” a skin conation 
which is not directly produced by local external stimulation. The mechanism 
described resembles the axon reflex which is responsible for the “ flare ’’ in 



A B 

Fio. 486. — Areas of Cutaneous Tenderness Following Injection of 6% Saline into (A) left 
first Lumbar, and (B) left ninth Thoracic Interspinous Ligament. (Lewis and 
Kellgren, Clin. Sci., 1939, 4, 48.) 

injured skin because the hyperalgesia too depends on the branching of nerve 
fibres. The wider significance of these results is considered on p. 759. 

Referred Pain, Tenderness, and Rigidity evoked from Deep 
Somatic Structures.^ — If hypertonic saline (6%) is injected into an inter- 
spinous ligament, pain is set up, which is referred to the peripheral distribution 
of the corresponding segmental nerve. The pain is described as a continuous 
ache, lasting for minutes, which is felt deeply in the referred zone ; it is accom- 
panied by tenderness and muscular rigidity. 

Three striking observations may be quoted. 

(1) Th.e first lumbar interspinous ligament is injected. The pain is felt in 
the loin, inguinal, and scrotal region ; it may last for minutes and be accom- 
panied by retraction and tenderness of the testis and locahzed rigidity and 
deep tenderness in the lowest part of the abdominal wall. The distribution 
of the cutaneous tenderness is shown in Fig. 486 ; it does not correspond 
exactly in area with the deep tenderness. Tjhe symptoms and signs produced 
resemble very closely those of renal colic which are set up when a stone is 
passing down the ureter (p. 763, footnote 1). 

(2) The eighth cervical interspinous ligament is injected. The distribution 
of the resulting pain is shown in Fig. 487. The pain is accompanied by a 
sense of constriction in the upper part of the chest on the affected side. If 
the ligament on the left side is injected in patients who suffer from angina 
of effort (p. 752), the pain experienced is affirmed by them to be identical 

1 Kellgren, Clin. 8ci., 1939, 4, 36. Lewis and Kellgren, ibid. 47. 
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in cliaraoter with that experienced during an attack, though it differs some- 
what in distribution. The “ injection pain ” is felt mainly in the back, while 
the anginal pain is felt mainly (though by no means invariably) in the front 
of the chest. 



Fig. 487. — ^Distribution of Pain following Injection of 6% Saline into Interspinous 
Ligaments of C5, C6, C7, C8, and Tl. (Kellgren, Clin. Sci., 1939, 4, 37.) 

Each chart shows results in three subjects (Terdcal hatching, horizontal hatching, and stippling). 

(3) Injection of the third thoracic ligament in the middle line gives rise to 
bilateral pain over the sternum and a sense of constriction. 

Pig. 487 also shows the areas of referred pain resulting from stimulation 
of the interspinous ligaments of C5, 6, 7, 8, and Tl. 

According to Lewis, stimulation by means of hypertonic saline of superficial 
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somatic structures, such as deep fascia, subcutaneous ligaments, tendon 
sheaths (e.g. tendo Achilles), or subcutaneous periosteum (e.g. over the tibia) 
gives rise to pain which is fairly accurately localized in the region affected 
Stimulation of deep somatic structures gives rise to referred pain. 

Fig. 488, which illustrates these points well, shows the effects of stimu- 
lating the various structures in the chest wall at the level of the sixth inter- 
costal space. Stimulation of the deep fascia and periosteum gives rise to 
localized pain. Stimulation of the deeper-lying muscles, on the other hand 
gives rise to referred pain which is felt in the shin distribution of the Si^mental 
innervation of the muscles concerned. Thus stimulation of the trapezius 
muscle gives rise to referred pain in the skin distribution of C3 and 4 and 
the accessory nerve. 

Pain of Cardiac Ischaemia (Coronary Insufficiency). — Angina 
Pectoris. — Severe pain of cardiac origin is usually (and probably invariably) 



Fig. 488. — Referred Somatic Pain. (Kellgren Clin. ScL, 1939, 4.) 

A. Distribution of pain arising from various deep structures of the chest wall at the 

level of the sixth intercostal space. Pain produced by local injection of 6% saline, 

B. Tissues which give rise to corresponding areas of pain. 

Oblique hatching : intercostal space and erector spinse (T6). 

Stippling : muscles attached to scapula (C5, 6). 

Horizontal hatching : latissimus dorsi (C6, 7, 8). 

Vertical hatching : trapezius (accessory nerve and 03, 4). 

Crosses ; tissues giving rise to local pain (not shown in A). 


the result of an inadequate blood flow (ischcBonia) to the myocardium. Thus, 
very violent and prolonged pain is set up when a branch of one of the coronary 
arteries is occluded as a result of thrombosis [coronary thrombosis ^ of. p. 239), 

(1) The pain (so-called anginal pain) may persist for hours, or even days, 
is agonizing in character, but is not felt in the heart. It is characteristically 
referred to the sternum, the outer part of the left side of the chest (Thl, 2, 3), 
down the inside of the arm (Thl), up the neck to the angle of the jaws (C3, 4),“ 
and to both shoulders and back : the pain may be referred to the epigastrium 
(simulating that of an abdominal catastrophe) and give rise to vomiting. 
There is thus in this instance no local visceral pain [i,e. no pain felt in the viscus) 
but only a referred pain. A striking feature of coronary thrombosis is the 
very wide area involved by the referred pain, wider than corresponds to the 
sensory segmental supply of the heart. In other words, a form of sensory 
irradiation takes place to adjacent segments. 

(2) Tenderness is present over these regions too. 
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(3) There is a sense of constriction, as though the chest were gripped in a 
vice, or as if the sternum would break. Mackenzie believed that owing to a 
viscero'-motor reflex there is reflex spasm of the intercostal muscles, which 
prevents respiratory movements of the chest. 

The effective stimulus to the nerve endings in the heart in this condition 
is not pressure, but (as shown below) the chemical prodiicts of ischcemia. 

Mechanism of Ischemic Pain.^^ — ^Lewis studied the causation of pain 
which develops in a limb when the circulation is entirely occluded. Exercise 
is carried out by performing a gripping movement with the hand at the rate 
of once per second. Pain sets in after 30 seconds and is intolerable in 70 
seconds. Though the pain is diffusely felt, it is most marked in the muscles. 
Various possible causes of the pain may be considered. 

(i) It is not due to vascular spasm, because after occlusion the blood vessels 
of a limb lose their tone. 

(ii) The pain is not due to muscular tension, because it is continuous and 
not accentuated during contraction. 

(iii) It is the result of activity because it is related to the amount of exercise 
which is performed. 

(iv) The following observations show the pain is not due simply to local 
anoxia : Exercise the arm till pain develops and note the time taken ; allow 
a suitable interval for recovery to occur, and then repeat the exercise, but for a 
few seconds less ; this time no pain develops. Now maintain the occlusion 
for another 5 minutes. The oxygen content of the limb must decrease markedly 
during this period but no pain develops. 

Lewis suggests that muscular activity releases a pain-producing factor (P) 
which passes out into the tissue spaces and is normally removed by the blood 
stream. If exercise is carried out with the circulation occluded this substance 
accumulates, and when it reaches a certain concentration, pam develops. 
In support of this view, Lewis flnds that if exercise is performed with occluded 
circulation till pain appears, and the exercise is stopped but the occlusion 
maintained, the pain persists unchanged and does not get worse ; if the cir- 
culation is released, the pain disappears within a few (2^) seconds. 

Intermittent Claudication. — The above experiments explain the 
recurrent pain produced in the legs during exertion in patients with narrowed 
limb blood vessels {e.g. in Buerger^ s disease) ^ (intermittent claudicati^). In 
this disease, the blood supply to the muscles is adequate for their needs 
during periods of rest ; but during activity the blood flow cannot be increased 
sufficiently to cope with the additional requirements (i.e. there is relative 
ischaemia). The P factor consequently accumulates, giving rise to pain which 
increases in intensity until the patient is compelled to stop. During the 
period of rest the P factor is washed away, the pain disappears, and the patient 
can resume walking, only to be stopped again by recurrence of the pain. 

Other Phenomena in Ischaemic Limb.^--J£ a blood pressure cuff wrapped 
round a limb is Mated to occlude the underlying arte^^ for 15 minutes, the 
nerve trunks under the cuff begin to lose their conductivity. The fibres first 
affected are those which have travelled the longest distance from their nerve 


1 Lewis, Arch. int. Med., 1932, 49, 713. Levy, Diseases of Coronary Arteries and 
Cardiac Pain, N.Y., 1936. 

^ Also osMed throTiiboangiitis obliterans (of . p. Zol). , 

® Lewis, Pickering, and Rothschild, Heart, 1929^1, IS, 369 ; 1931-33, 16, 1. 
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endings ; the fibres which have travelled a shorter distance are affected later 
(cf p 1005) After initial tingling a defective sense of touch develops in 
the most distal part of the limb ; it gradually spreads up proximally and 
is followed by a similar centripetal loss of other forms of sensation, pam being 
lost last. Loss of motor function shows a like march and is almost simultaneous 

with loss of touch sense.^ i 

Pain of Coronaey Occlusion.— *The pain of coronary occlusion, like 
that in an ischsemic limb, is presumably produced by ischsemia of the affected 
area of heart muscle. The pain persists as long as the sensory nerve endings 
in the ischeemic patch of heart muscle remain alive ; when they die the pain 
disappears unless spasm of other coronary vessels takes place (infra). 

Angina of Effort.— Attacks of anginal pain may be brought on by 

effort^ without evidence of coronary 
occlusion. Little is known about 
the changes in the heart rate or 
blood pressure during the attacks, 
but they always occur under 
circumstances that would be ex- 
pected to throw an extra burden 
on the heart and so cause relative 
ischaemia. If there is spasm or 
anatomical narrowing of the cor- 
onary vessels the necessary degree 
of local vasodilatation may not 
occur in conditions of stress ; the 
blood supply of the heart is thus 
insufficient for its increased needs, 
the P factor is not got rid of, it 



Fig. 489. — ^Diagram illustrating the Method of 
Testing Pleural Sensibility. (Capps, Experi- 
mental and Clinical Study of Fain, New York, 
Macmillan & Co., 1932.) 

The left lung is displaced by elTusioii and the diaphragm is 
pushed down. The arrows represent the wire passing 
through the hollow trocar and touching respectively 
the pulmonary, pericardial (F), and diaphragmatic 
pleura (D), 


accumulates and gives rise to pain. 
Severe anginal pain may, however, 
occur at night or at other times 
when the subject is at complete 
rest. If there is no evidence of 
occlusion the pain must be attribut- 
ed to coronary spasm reducing the 
cardiac blood flow. 


Palliation . — When consciousness of the heart’s action is present, it is 
called palpitation. It is associated with vigorous exercise or with the strong 
contraction which often follows on a premature beat. The sensation is set 
up by the impact of the heart against the chest wall. 

Pain of Arterial Embolism and Thrombosis.® — Pain from this cause 
only develops in muscular organs, i.e. the intestine, heart, and skeletal muscle. 
Interference with the blood supply to the lungs, liver, brain, or spleen does 
not give rise to pain. Variable results are obtained in the case of the kidney ; 
possibly pain only develops if the muscular renal pelvis is involved. 

Pleural Sensibility. — The experimental study of pleural sensibility in 
man yields results which illustrate important principles which apply to 


1 For results of asphyxia and pressure on sensory nerves, see Lewis and Pochin, 
CUn. Sci., 1938, S, 141. 

2 Lewis, Clin. Sci., 1935-36, 2, 238. 
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other serous membranes, 
certain viscera and also 
certain dee'p somatic 
structures. 

This problem was 
studied by Capps in 
patients with pleural 
effusion in the following 
way (Fig. 489). A hollow 
trocar is pushed through 
the chest wall into the 
pleural cavity ; before 
much fluid escapes, a long 
stiff silver wire is passed 
through the cannula and 
brought in contact with 
various aspects of the 
pleural membrane. When 
the pleura was covered 
with thick exudate, no 
response was obtained ; 
but when the pleura was 
in a more normal con- 
dition, the followmg 
results were elicited : 

(1) ViSCEBAL PlEUBA. 
— The visceral pleura 
(lining the lung) is entirely 
devoid of pain sense. 

(2) Pabietal Pleuba. 
— ^Pressure on the parietal 
pleura (lining the chest 
wall) gives rise to sharp 
pain which is located with 
considerable accuracy 
near the site of stimula- 
tion. The parietal pleura 
can be regarded as part 
of the chest wall and like 
it is supplied with sensory 
fibres from the intercostal 
nerves.^ 

(3) Diaphbagmatio 
Pleuba (see Fig. 490). 
(i) The central portion of 
the diaphragm is supplied 


Front Back 



Fig. 490. — ^Localization of Pain from Diaphragmatic 
Pleura (or Peritoneum). (Capps, Study of Pain, 1932.) 

The lower diagram represents the thoracic aspect of the dia- 
phragm. The area marked with black dots is supplied by the 
phrenic, that shown as a black sheet is supplied by the lower 
intercostal nerves. Stimulation of the pleura over the central 
region of the diaphragm gives rise to referred pain in the neck 
(indicated by black dots in upper figure) in the distribution 
chiefly of the third and fourth cervical dorsal nerve roots. 
Stimulation of the peripheral diaphragmatic pleura produces 
pain referred to the body wall (front or back, of the same side or 
both sides) in the distribution of the sixth to twelfth thoracic 
nerves (horizontal lin^ in upper figure). Etaidly simUar 
TesultB are obtained on stimiUation of the peritonedl turf ace of the 
eerdr^ and peripheral parts of the diaphragm. 


^ Tlie parietal pleura can sometimes be incised without producing p^ when rib 
resections are carried out under local anaesthesia ; presumably the pathological condition 
present in the pleura abolishes its normal sensitivily. Healthy subjects usually complain 
of pain when an exploring needle comes in contact with the pleiira. 
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with afferent (as well as efferent) fibres by the phrenic nerve. Experimental 
irritation of this region sets up a sharp, cutting pain in a region anatomically 
quite remote from the diaphragm, namely in the neck — usually in a definite 
spot — in the skin distribution of the third and fourth cervical dorsal nerve 
roots. This is a clear-cut instance of referred pain set up from a serous 
membrane. The phrenic afferents enter the dorsal nerve roots of the third and 
fourth cervical nerves mainly (and also C5). The patient is unable to localize 
accurately afferent impulses that have come from the diaphragmatic pleura, 
and falsely projects — refers — the sensation to a region of the body wall which is 
supplied by the same dorsal ner'oe roots as supply the diaphragmatic pleura. 
Referred pain is a special form of false localization. The pain in the neck is 




Fig. 491. — Pericardial Pain. (Oapps, Experimental and Clinical tSLady of Pain, New York, 

Macmillan & Co., 1932.) 

A. Heavy line shows portion of fibrous pericardium and central diaphragm, irritation of which gives rise 

to neck pain (black circle). 

B. Case of typical dry pericarditis with to-and-firo friction sounds over the whole area of the heart (shaded 

area). Post-mortem examination showed universal fibrinous exudate over the visceral and parietal 
layer of the serous pericardium. No pain was felt in the region of the heart at any time. 

accompanied by local tenderness and sometimes by refiex rigidity of the neck 
muscles. 

(ii) The peripheral part of the diaphragm is supplied with afferent (as 
well as efferent) fibres from the lower six intercostal nerves (Th7-12). Experi- 
mental irritation of the pleura covering this region gives rise to pain which 
seems to come from {i.e. is referred to) a varying number of segments of the 
body wall suppHed by the lower thoracic nerves — the lower thorax, the lumbar 
region, or the abdomen. This is another clear-cut instance of referred pain. 
The stronger the degree of pleural stimulation the more widespread is the 
referred pain ; it may sometimes extend to the other side of the body too 
(sensory irradiation). The pain is associated with local tenderness and reflex 
motor effects in the form of muscular rigidity. 

Pain of Pleurisy. — ^When the parietal pleura is involved in inflammatory 
processes, the pain is felt in the chest wall over the region involved ; with 
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diapluagmatic pleurisy, tlie pain is referred to tlic neck, or tlie lower part of 
tke chest, the back, or abdomen. When the pain is referred to the abdomen, 
the clinical findings may lead to a wrong diagnosis of an intra-abdominal 
catastrophe. 

Pericardial Sensibility. — The studies of Capps have led to the following 
conclusions. 

(1) The lower part of the fibrous pericardium (at the level of the fiffch 
and sixth interspaces) is supplied by afferents from the phrenic nerve ; 
puncture of the pericardium in this region gives rise to referred pain in the 
neck (Fig. 491, A). 

(2) On the other hand, experimental stimulation of the serous pericardium 
(both visceral and parietal layers) gives rise to no pain. A dry inflammation 
of the serous pericardium may produce a sense of precordial tightness, but 
again, as a rule, no pain (Fig., 

491 , B) . A large effusion greatly 
stretching the pericardial sac 
may give rise to no more than 
a duU ache over the hea rt. 

(3) Severe pain is felt (i) 
when the inflammatory process 
involves the mediastinal tissues 
(the pain is felt over the heart) ; 
or (ii) the diaphragmatic pleura 
(the pain is then referred to the 
neck or abdomen) ; or (iii) if 
the coronary circulation is 
madequate : the pain is then 
due to cardiac ischasmia 
(p. 750). 

Peritoneal Sensibility. — 

The parietal peritoneum and 
adjacent connective tissue are 
supplied with somatic afferent 
fibres from the lower thoracic 
nerves. 

(1) Diaphkagmatic Peritoneum.— Usmg the same technique as for the 
pleura, Capps has shown that strong pressure, or the application of a rough 
point to the peritoneal surface of the diaphragm gives rise to referred pain 
which is felt in the neck when the central parts of the diaphragm are stimu- 
lated, and in the chest or abdomen from stimulation of the peripheral parts 
(Fig. 490). The results are identical with those obtained from the pleural 
surface of the diaphragm (p. 753) and can be accounted for in the same way. 
(It should be noted that light contact or stroking ehoited no reaction.) Similar 
pain is experienced in inflammatory conditions of this region of the peritoneum. 
The pain is intensified by forcible movements of the diaphra^ such as those 
produced by deep breathing or coughing. It is associated with local tender- 
ness (hyperalgesia) and rigidity of the neighbouring muscles. A n im al experi- 
ments show that stimulation of the peripheral region of the diaphragm pro- 
duces reflex contraction of the abdominal wall (Fig. 492). The muscular 
rigidity in clinical cases of irritation of corresponding parts of the diaphragm 



Fig. 492. — Beflex Contraction of Abdominal Wall 
from Stimulation of Diaphragm. (Lewis and 
Kellgren, Clin. Sci., 1939, 4, 56.) 

Records from above downwards: Contraction of right 
upper rectus; signal line; time in secs. Stimulate 
the under surface of diaphragm (right side) with a 
smooth probe during the period shown by the signals. 
A. Stimulate dome (no reflex response) ; B. stimulate 
lateral part of diaphragm (reflex contraction). 
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is doubtless also reflexly produced.^ Injury to the spleen associated with 
irritatiou of tbe central diaphragm may produce referred pain and hyperalgesia 
over the shoulder tip (Fig. 493). 

(2) Parietal Peritoneum. — Stimulation of the parietal peritoneum gives 
rise to pain which is fairly accurately localized in the superjacent abdommal 
wall (Fig, 494). Parietal peritoneal pain is also associated with local tender- 
ness and reflex muscular rigidity. 

Referred Pain, Tenderness, and Rigidity. — As has already been 
explained, stimulation of the diaphragmatic pleura or peritoneum, or of the 



Fig. 493. — Referred Slioulder Pain 
from Diaphragm, (Morley, A16- 
domindl Pain, E. & S. Living- 
stone.) 

Case of traumatic laceration of diaphragmatic 
surface of spleen (involving peripheral 
diaphragmatic peritoneum) showing (as 
black patch over shoulder) the area of 
referred pain and hsrperalgesia in the skin 
distribution of the third and fourth cer- 
vical nerves. 



Fig. 494. — Localization of Pain 
produced by Stimulation of 
Parietal Peritoneum. (Capps, 
Eocperimenial and GUnical 
Study of Pain, New York, 
Macmillan & Co., 1932.) 

Anterior abdominal wall : the circle 
shows where the cannula was in- 
serted tlirough which the wire was 
passed to stimulate the parietal peri- 
toneum. Black dots —actual point 
stimulated ; + = localization of pain 
by patient. 


interspinous ligaments or other deep somatic structures, or the development 
of cardiac ischaBmia produces referred pain, tenderness (hyperalgesia), and 
muscular rigidity. The way in which these symptoms and signs are produced 
is still imperfectly understood and requires discussion. 

Referred Pain. — The degree of accuracy of localization of a tactile 
stimulus applied to the skin depends on the local wealth of cutaneous in- 
nervation, the extent of the cortical area receiving impulses from the region, 
and the degree of point-to-point (‘‘ topographical ”) projection of the receptor 
surface on to discrete areas of the sensory cortex (p. 570 and Fig. 495). If 
a sensory surface is sparsely innervated or if many receptors from an area 

^ Stimulation of the back muscles or of the interspinous ligaments (p. 748), produces 
an identical reflex contraction of the abdominal wall. 
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converge on to a single cortical point, localization is correspondingly impaired 
(Fig. 496). As cutaneous pain can also be sharply localized, it is assumed that 
topographical projection occurs, though the relevant anatomical details are 

Cortical Centre Cortical Centre 



Peri^hera? Receptor Area Peripheral Receptor Area 

Fro. 495. — ^Anatomical Basis of Fro. 496. — ^Anatomical Basis of 

Aconraiic Localization. Vague Localization. 


obscure (p. 571). As the diaphragm, deep somatic structures, and the heart 
have a relatively sparse sensory innervation, we would expect stimuli applied 
to these regions to be vaguely localized ; what requires explanation is the fact 



MUSCLE 

Fig. 497. — ^Branching of Dor- 
sal Root Axon to supply 
Skin and Muscle. (Sinclair, 
Weddell, and Feindel, 
Brain, 1948, 71.) 

Impulses arising &om the muscle 
(B) or the sldn (C) would give 
rise to an! identical sensation 
which would be referred to the 
“ dominant zone ” which in this 
case would probably be the skin. 



Fig. 498. — ^Possible Neural Basis 
of Referred Pain from Heart. 


that the sensation is falsely “ projected ” or ‘‘ referred ” to a region remote 
from the region stimulated. All theories on the subject agree that the false 
‘‘reference” is due to a central misinterpretation^ though the suggested detailed 
explanations vary. 
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Branching op Dorsal Root Axons.^ — Referred pain has been attributed 
to the branching of the peripheral axons of the dorsal roots which convey 
the impulses set up by nocuous stimuli. It is known that these axons branch 
extensively in the shin mediating the vascular axon reflex which is responsible 
for the flare (p. 323) ; a similar ramification is responsible for the cutaneous 
hyperalgesia which develops round an injured area of skin (p. 747). In 
addition a few dorsal root axons branch more proximally : (a) in the mixed 
spinal nerve, one branch passing into the posterior ramus and one into the 
anterior ramus ; (6) in the anterior ramus, to supply skin and muscle (Fig. 
497), skin and a viscus, or skin, muscle, and a viscus (Fig. 500). It is 

suggested that these branching axons are 
responsible for referred pain and tenderness. 

Consider the effects of stimulating an 
interspmous ligament. There is anatomical 
evidence that the injected hypertonic saline 
acts on axons in the fosterior ramus ; some 
of these are processes of dorsal root axons 
which also contribute a branch to the anterior 
ramus supplying skin and muscle in the 
anterior part of the dorsal root distribution. 
As a result, impuli^es arising from certain 
points in the posterior or the anterior part 
of the dorsal root distribution pass into the 
same awn ; consequently stimulation of 
either the anterior or posterior points, or 
fibres supplying them, must give rise in- 
evitably to the same sensation with respect 
to quality and localization. We must assume 
in addition the rule of the dominant receptor 
zone,^^ Suppose receptor zone Rj and R 2 both 
terminate in the same cortical region 0; 
zone Ri is frequently stimulated and the 
mind has consequently learnt” to project 
the sensation to the region actually stimdated; 
zone Rg, on the other hand, is rarely or never 
stimulated. Then whether zone Rj or Rg is 
stimulated the mind always projects the 
sensation to zone R^ ; ^.e. impulses from 
zone Ri are correctly locahzed; but impulses from zone Rg are falsely 
]^rojected (or referred) to zone Ri. Thus impulses from the interspinous 
ligaments are falsely referred to the distribution of the anterior ramus of the 
dorsal root employed. 

Similar reasoning may be applied to the case of the central diaphragmatic 
pleura and peritoneum. Some of the afferents from this region are branches 
of dorsal root axons of C3, 4, and 5, which also supply the skin and muscles 
of the shoulder region.' The latter is the dominant receptor zone ; conse- 
quently impulses from the central diaphragm are falsely referred to the 
shoulder region. (Cf. also legends to Figs. 497, 500). 

Other Explanations op Central Misinterpretation. — Instead of 
» Sinclair, Weddell, and Feindel, Brain, 1948, 71, 184, 



Fig. 499.— Cutaneous Ten- 
derness (Hyperalgesia) set 
up from an Affected 
Muscle. (Sinclair, Wed- 
dell, and Feindel, Brain, 
1948, 7h) 

The axon (A) from the nrascle (B) 
gives branches to the skin (0) 
producing a lasting chemical 
change there which enhances 
the sensitivity of the local 
nerve endings. Gentle stimu- 
lation of the skin gives rise 
to an unpleasant sensation 
(tenderness) mediated by 
axons A and D. 


RIGIDITY AND TENDERNESS 
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emphasiziiig the role of branching dorsal root axons it may be supposed that 
afferents from e,g. the upper thoracic body wall and the heart pass along 
distinct dorsal root axons which end, however, in a common group of cells 
in the spinal grey matter ; the second neurone is common to the receptors 
zones and ends ultimately in a cortical area which consequently serves both 
zones (Fig. 498). It is further assumed (as above) that impulses arising from 
the rarely stimiilated zone will be referred to the distribution of the dominant 
zone. 

Rigidity. — This is presumably due to reflex contraction of muscles set 
up by the afferent impulses from the affected area. 

Tenderness (Hyperalgesia).: — The mechanism may be similar to that 
of cutaneous hyperalgesia produced 
by painful skin stimuh. Fig. 499 
illustrates how skin tenderness may 
be set up from an affected muscle. 

Impulses from the muscle (B) pass 
along one branch of an axon (A) and 
then along a second branch to the 
skin (C) setting up here a long 
enduring chemical change which 
enhances the sensitivity of the local 
nerve endings. When skin (C) is 
stimulated in a manner which 
normally would arouse only trivial 
discomfort (e,g. if it is lightly rubbed 
or pricked) the affected nerve end- 
ings set up an unusual pattern of 
impulses which pass up in the axons 
(A) and (D) and are centrally inter- 
preted as tenderness. Fig. 500 
illustrates how, owing to multiple 
branching of an axon, stimulation 
of a viscus may give rise to both 
cutaneous and muscular tenderness. 

Hyperalgesia has been accounted 
for by some workers in terms of 
the “ subliminal fringe ” (p. 540). 

Afferent impulses coming from the 
body waU may stimulate cells in the central grey matter suhliminally and so not 
give rise to any conscious sensation. Impul^s from an appropriate viscus (set 
up by disease or experimental stimulation) may be supposed to make connections 
with the same central pool of neurones. The excitatory state set up from 
both sources may serve to activate the central cells liminally and cause them 
to discharge, to give rise to an abnormal or exaggerated conscious sensation. 
This concept is illustrated diagrammatically in Fig. 501. 

Abdominal Pain. — Abdominal pain (as already explained) may be pro- 
duced by stimulation of the parietal or ^aphragmatic peritoneum (p. 754) 
or other deep somatic structures, such as interspinous ligaments or deep 
muscles (p. 748). We now have to consider pain set up by involvement of 
the abdominal viscera. 



Fig. 500. — Cutaneous and Muscular 

Tenderness (Hyperalgesia) set up 
from an Affected Viscus. (Sinclair, 
Weddell, and Feindel, Brain, 1948, 
71.) 

Tlie axon (A) receives branches from skin (C) 
mnscle (B), and viscus (E). Impulses reaching 
the brain from the affected viscus will be 
referred to the dominant zone which is prob> 
ably skin (C). Impulses from the viscus (B) 
pass along the branches of the axon to (B1 and 
(C), producing a lasting chemical change which 
enhances the sensiti'^ty of the local nerve 
endinp. Gentle stimulation of skin (G> and 
muscle (B) consequently gives rise to 
tenderness. 
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SOLID ABDOMINAL VISCERA 


Solid Abdominal Viscera,-— (1) LiVEB.—Diseases of the liver which do 
not involve the parietal peritoneum may be wholly painless ; thus the livei 
may be extensively involved by cancer without causing pain. In congestive 
heart failure, however, the liver, which is enlarged and engorged with blood, 
is usually painful and tender to palpation. It is not easy to explain tliis 
difference. It is suggested that when the capsule of the liver is stretched 
the nerve endings there set up the painful impulses ; but, on the other hand, 
stretching of the capsule of the liver enlarged by, say, hydatid disease does 
not produce pain. 

Inflammatory conditions of the liver which reach the surface and involve 
the parietal peritoneum, stimulate sensory nerves there and, of course, give 



FiO. 601. — ^Mackenzie’s Conception of Neural Basis of Tenderness and Bigidity. 

The dotted region in the heart represents a region of myocardium which has become modified as a result 
of localized coronary occlusion. The region in the dorsal horn of grey matter surrounded by a dotted 
circle is the region of “ subliminal stimulation.” Afferent impulses from the heart stimulate these 
dorsal horn cells, with the result that afferent impulses from the skin and body wall which previously 
stimulated these cells only subliminally now stimulate them liminally ; the afferent impulses are 
transmitted through these synapses to reach the brain and give rise to a sensation of hyperalgesia. 
Beflex contraction of muscle can take place. The spinothalamic tract which crosses to the opposite 
side of the spinal cord conveys the afferent impulse to ** consciousness.” 


rise to pain (p. 756). In animals, expetimental stimulation of tLe liver (or 
of the kidney or spleen, v. infra), e.q. by pinching, does not produce reflex 
muscular contraction. 

(2) . Kidney. — The hidney appears to be sensitive to external pressure ; 
when a movable kidney is palpated bimaUuaUy, an aching pain is felt locally. 
It may be that somatic perirenal afferents are here involved. Most diseases 
of the kidney, e,g. nOphritis, are quite painless. Stone in the kidney may 
give rise to a local aching pain, but this may be due to involvement of the 
perireiial tissues. 

The symptoms of renal colic are mentioned on p. 763, footnote 1 ; the 
afferent impulses probably arise in the muscle coat of the ureter. 

(3) Pancreas. — In the decapitate cat, stimulation of the pancreas {e,g, by 
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pincliiiig) where it lies in the mesentery produces reflex muscular contraction 
of the abdominal wall ; the afferent pathway concerned is in the splanchnic 
nerves. The afferent endings stimulated may perhaps be those in the mesen- 
tery and not in the pancreatic tissue itself. Certain forms of pancreatic 
disease, e.g. acute 'pancfeatitiSi are associated with severe abdominal pain and 
rigidity ; others, e.g. growth, may be painless during almost all their course. 

(4) Spleen. — Ischaemia (p. 752) and most other affections of the spleen 
are usually painless. Pain occurs in rupture of the organ because of involve- 
ment of related structures {e.g. diaphragmatic (Fig. 493) or parietal peritoneum) . 

Hollow Abdominal Viscera.^* — The afferents from these viscera are both 
non-medullated and finely meduUated fibres ; they are few in number : thus 
all the afferent fibres from the viscera of a cat equal in number those in one 
dorsal nerve root. Because of their sparse innervation, the hollow viscera 
normally have a low sensitivity ; to arouse a sensation, an adequate portion 
of a viscus must be stimulated with considerable vigour. 

There has been much controversy about the sensibility of the hoUow 
viscera, because the cHnical study of pain is beset with difficulties and pitfaDs. 
The patient’s fear and anxiety may “ create ” a sensation of pain or an ex- 
aggerated reaction to slight pain. The method of questioning, either the 
tone of the voice or the words used, may influence the patient both as to the 
presence and absence of pain, its degree, and its situation. A leading question 
may be indispensable to elicit information but may call forth a misleading 
reply. In surgical studies xmder local anaesthesia, the patient’s fears may 
cause him to reply to questions in a manner which he hopes may safeguard 
him against painful procedures. A local anaesthestic may produce general 
effects : thus cocaine induces a sense of well-being (euphoria) and damps down 
unpleasant reactions. The administration of morphine tends to suppress the 
slighter pains. It seems certain, however, that adequate stimulation of 
viscera may produce pain independently of involvement of the mesentery 
or the parietal peritoneum. 

There is a great difference between the sensitivity of a normal and an 
inflamed viscus, just as there is between normal and inflamed skin. Thus 
squeezing with finger or forceps or stitching, cutting, or clamping the healthy 
appendix or caecum arouses no pain (such observations gave rise to the erron- 
eous conclusion that nocuous stimuli which produce skin pain do not produce 
pain from abdominal viscera). But when the appendix is inflamed, squeezing 
it along a considerable part of its length arouses pain. Similarly pinching 
the normal gastric mucosa or rubbing it with the blunt end of a glass rod is 
painless ; the same stimuli applied to the inflamed and oedematous mucosa 
arouse pain. The pain fibres in hollow viscera like those in skin or muscle 
respond to a wide range of stimuH having in common the property of noci- 
ception, i.e. of being injurious. In discussing cutaneous and muscular hyper- 
algesia it was suggested that the release of chemical products by axon reflexes 
modified the sensitivity of local nerve endings thus producing tenderness 
(Fig. 485). In the viscera, too, states of inflammation by altering the local 
blood supply or producing oedema or releasing abnormal chemical products 
may likewise “ facilitate ” pain responses. 

Effects of Raised Tension. — ^All the hollow viscera are sensitive to 
changes in the tension of their muscle coat. In a few of the viscera the 
^ Kinsella, Mechanism of AbdominaL Pain^ Sydney, 1948. 
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RESPONSE TO INCREASED TENSION 


sensation is fairly accurately localized ; in most it is vaguely localized or 
falsely referred. If the distension is moderate the sensation is one of fullness ; 
if the distension is marked or if powerful, peristaltic movements occur, pain 
is experienced which may be severe in character. 

(1) (Esophagus. — If a balloon is introduced into the oesophagus, and then 
inflated, a sensation of fullness is felt, situated deeply beneath the sternum 
in the middle line ; the level at which the balloon lies is located with fair 
accuracy. Similar accuracy of localization is generally present in carcinoma 
of the oesophagus. In some cases, however, the feeling of obstruction is in 
the upper third of the oesophagus, although the stenosis is really in the lower 
third ; a state of spasm is then found to be present in the upper part of the 
oesophagus. 

(2) S^TOMACH. — If the stomach is moderately distend jd with air {e.g. 600 
C.C.), a sensation of fullness is felt deeply beneath t.lie upper part of the 

I I f anterior abdominal wall in 

I / \ I \ 1 uiiddle line (of. p. 7C3). 

\ J Greater distension (with 



\ P ' / ^0 diffuse pain which is more 

J 1 / i P * I i^arked if the stomach is 

/ ^ \ / O \ / I contracted, less marked if the 

Jl K. \ stomach is relaxed (suggest- 

( 1 I ing that the pain is set up 

\ J I / in the muscle coat). 

\ ] y \ Y ' / (^) Duodenum. —A 

' balloon is introduced into 
_ ^ ^ ^ the duodenum in man and 

Fig. 502.~Intestinal Pain pentley and Smithwk^^ 10 c.c. of air iniected at 
Aa?ice/, 1940, u, 389.) tk tt 

f 9 / 10-15 mm. Hff pressure. No 

A. Tube introduced to 12 in. beyond duodeno-jejunal flexure; .or . 

balloon at end of tube distended with air (100-150 c.c) SCnsatlon IS experienced, 
p shows distribuUon of pain. l^^t reflex vasooonstrictioE 


A B 

Fig. 502. — Intestinal Pain. (Bentley and Smithwiok, 
Lancetf 1940, ii, 389.) 

A. Tube introduced to 12 in. beyond duodeno-jejunal flexure ; 
balloon at end of tube distended with air (100-150 c.c) 
P shows distribution of pain. 


B. Experiment repeated after excision on right side of ninth nor*nra in -hliA nrnTrinff 

thoracic to first lumbar gaugUa and splauShnlc nerves from m tne toes, proving 

ooaliac ganglion proximally for 6 in. P shows distribution of that afferent impulses are 

Fetska set up. When 40 c.c. of air 


are injected at a pressure of 
30 mm. Hg, more widespread reflex vasoconstriction is set up also involving the 
fingers. There is now also a sensation of pressure, dull and heavy in character, 
deep seated and poorly localized anteriorly between the xiphoid and umbilicus ; 
at still higher pressures there is a disagreeable, painful, or griping feeling. 

(4) Jejunum. — ^Distension of the jejunum about 12 in. beyond the 
duodeno-jejunal flexure gives rise to discomfort or pain of a similar character : 
Fig. 502, A shows the distribution of the pain after introducing 150 c.c. of air 
into the balloon. After section of the splanchnic nerves and excision of the 
sympathetic ganglia from Th9-Ll on the right side, the pain on distension 
was felt exclusively on the left side (Fig. 502, B). This observation proves 
that the afferents from the jejunum are conducted via sympathetic nerves 
into the dorsal nerve roots. Severe contraction of the intestinal wall (intestinal 
colic) produces pain of a character which is very generally known from per- 
sonal experience. The pain is not accurately localized in the affected part 
as is well shown by the following case reported by Mackenzie. A loop of 
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small intestine was withdrawn at operation from the abdomen of a conscious 
subject ; when vigorous peristaltic waves passed over this exposed loop the 
patient groaned and complained of pain which was not referred to the con- 
tracted intestine, but to the region of the umbilicus. The essential feature 
of the pain is its inaccurate localization and diffuse character, 

(5) Rectum and Bladder, — ^Distension of these organs gives rise to 
sensations which in part seem to come vaguely from the site of the viscus.^ 

In studies like those described above in which only the hollow viscus 
(stomach, duodenuip, small or large intestine) and its visceral peritoneum 
are stimulated, the pain experienced is not associated with cutaneous hyper- 
algesia, reflex muscular rigidity or deep tenderness. It will be shown later 
that when as a result of disease the parietal peritoneum also becomes involved 
the new afferent flbres stimulated give rise to rigidity and tenderness as well. 

Temperature Sensibility. — This is present in the oesophagus, stomach, 
and rectum. 

(i) If very cold or hot food or drink is swallowed, a sensation of cold or 
heat is felt passing down the middle line under the sternum (and not in the 
back). 

(ii) In a patient with a gastric fistula (p. 786) a balloon was inserted in 
the stomach and irrigated with fluid at temperatures between 18° and 40° C. ; 
t.hifl procedure aroused no temperature response; outside these limits a 
temperature change of 3° C. was appreciated. 

(iii) Hot or cold fluid introduced into the rectum is correctly described. 

The sensibility of the stomach, appendix, and large intestine is further 

described below. 

Stomach. — The effects of distension and heat and cold have already been 
considered. In the patient with a gastric fistula, light touch apphed to the 
normal mucosa was not appreciated ; light pressure (30 g. per sq. cm.) was 
felt as pressure, while heavy pressure (100 g. per sq. cm.) gave rise to pain ; 
in both cases the localization was roughly correct. Severe distension gave 
rise to diffuse pain accompanied by nausea. Nocuous stimuli applied to the 
mucosa, e.g, pinching with forceps, faradic stimulation, application of 50-90% 
alcohol, N. HCl, OTn. NaOH, or a 3% suspension of mustard had no effect 
on the normal quiescent organ but aroused pain from the inflamed or the 
engorged mucosa. Very strong gasizic contractions produced pain ; the 
threshold was lowered when the mucosa was inflamed. 

Pain op Peptic Ulcer.^ — The pain of ulcer of the stomach or duodenum 
is probably due mainly to the action of add or other irritants on a hyper- 
sensitive region of the mucous membrane. The evidence is as follows : 

(i) The pain tends to follow a meal after an interval which varies with 
the position of the ulcer ; the interval is about an hour with an ulcer near 
the incisura and three hours or more in duodenal ulcer. Pain generally sets 
in when gastric acidity reaches a characteristic threshold level, e.g, j?H 1*5 in 
some, or lower levels of acidity in other cases. 

(ii) The ingestion of food, which decreases gastric acidity, always relieves, 


1 Ureteric (Renal) Colic,— "When a stone passes along the ureter severe pain is experienced 
on the same side in the distribution of LI, often accompanied by rigidity and tenderness 
in the same region (p. 748). Inflammation of the ureter and periureteric connective 

tissue may perhaps account for the latter changes. ^ 

* Palmer, Arch. int. Med., 1926, 38, 694. Bonney and Pickermg, CUn. Set,, 1946-48, 
6, 63, 91. 
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and usually abolislies duodenal ulcer pain. Food often relieves gastric ulcer 
pain, but usually the pain bas disappeared before the next meal is taken. 

(iii) Vomiting, which removes acid fluid from the stomach, relieves pain 
generally in gastric and sometimes in duodenal ulcer. 

(iv) Both varieties of peptic ulcer are relieved by alkali. 

(v) In patients who are experiencing frequent bouts of spontaneous pain, 
the introduction of 200 c.c. of 0*5% HCl into the stomach when pain is 
absent produces pain. If the acid is introduced into the stomach when tke 
patient is free from spontaneous pain, no pain is produced. Similar results 
are produced by other acids, e,g, H 2 SO 4 or strong alkalis, e.^. NaOll. 

In the crater of an active ulcer pain nerve endings are exposed and their 
sensitivity may be enhanced by inflammatory products or changes in the 
local blood supply. In these circumstances the acid which is normally 
secreted by the gastric mucosa, or acid or other irritants which are intro- 
duced into the stomach, may set up a sufficiently vigorous discharge from the 
nerve endings to give rise to a pain sensation. If the inflammation or con- 
gestion subsides the discharge set up by the less sensitive endings in response 
to the same stimuli may be inadequate to produce a pain sensation. Simi- 
larly during healing of the ulcer the nerve endings become covered with 
mucus or scab, blood clot or granulation tissue that protects them from 
nocuous stimuli. 

Pain may however occur in peptic ulcer cases with achylia or at low levels 
of intragastric acidity ; in these some undetermined factor must be effectively 
stimulating the pain nerve endings. 

The external surface of an ulcer is generally insensitive to mechanical 
stimuli, e.g. seizure with toothed forceps. 

When pain occurs in peptic ulcers, it is generally accompanied by rigidity 
and by tenderness in the epigastrium, usually over and in the recti ; if the 
abdominal wall is anaesthetized by blocking the 5th to the 11th intercostal 
nerves the muscles become paralysed and the tenderness disappears. The 
impulses directly responsible for the tenderness are thus travelling in nerves 
coming from the abdominal wall and not from the stomach itself. But as 
shown in Fig. 500, impulses from the stomach acting via branching axons may 
be responsible for the abnormal state of the abdominal wall. The antidromic 
impulses on reaching the body wall release a chemical substance which 
enhances the excitability of the local sensory endings as explained on p. 747. 

Acute Appendicitis. — In the initial stage of the disease, severe pain is 
felt, which is probably due to appendicular distension ; it is imperfectly 
localized to the central part of the abdomen in the region of the umbilicus ; 
it is unaccompanied by tenderness or rigidity. In the second stage the pain 
becomes localized to a restricted region on the right side and is associated 
with deep tenderness and rigidity. These latter signs are probably the 
results of impulses from the involved parietal peritoneum. It is claimed that 
the location of these signs varies with the position of the appendix, and de- 
pends on the region of the parietal peritoneum that is involved and the 
(somatic) afferents that are affected. The peritoneum over the posterior 
abdominal wall is less sensitive to mechanical stimuli than the anterior ; a 
retrocsecal appendix in contact with this part of the parietal peritoneum 
may consequently give rise to little localized pain. 

Large Intestine. — The crushing of a colostomy (or ileostomy) spur is 
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generally carried out without a local anaesthetic. If the spur is crushed 
piecemeal, not more than one inch at a time, the procedure is usually painless : 
if of spur are crushed at once pain frequently results. Thus in a case in 
which the spur consisted of healthy ascending and transverse colon the crush 
produced generahzed deep abdominal pain, 

nausea, and a feeling of faintness. In another 

case in which the spur consisted of healthy 
terminal ileum and low sigmoid affected by 
colitis the crush produced severe continuom 
pain ‘‘ like gripes ’’ in the centre of the 
abdomen, lasting 7-8 hours and requiring 
two injections of morphine to make it bearable. 

These observations (Kinsella) again illustrate 
the principle that pain can be aroused in 
normal viscera if the stimulus is sufficiently 
severe and extensive, while slighter stimuli 
suffice if the viscus is made more susceptible 
as a result of inflammation. 

Mesentery. — A pull on the mesentery 
readily produces pain, probably because the 
pain fibres from a long stretch of bowel are 
condensed round the blood vessels : a small 
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stimulus can thus stimulate many afferent 
fibres. 

Interrelationship of Autonomic and 
Somatic Nervous Systems, — The sharp 
distinction which is customarily drawn between 
the autonomic and somatic nervous systems, 
though useful for purposes of description, 
is to a considerable extent misleading. 
Afferent impulses from somatic structures may 
reflexly influence viscera : e,g. stimulation of 
the central end of a skin or muscle nerve may 
reflexly affect the heart rate or blood pressure. 
Conversely, afferent impulses from viscera 
may influence the activity of ventral horn 
cells (for examples cf. pp. 751, 754, 764). Both 
sets of results illustrate the phenomenon of 
irradiation, i.e. that impulses do not expend 
themselves exclusively in their own segment 
or division of the central nervous system, 
but tend to spread more widely to involve 
additional centres or regions, even some 


Fig, 603. — ^Effect of Stimu- 
lation of Central End of 
Vagus on Knee-jerk. (Sch- 
weitzer and Wright, J. Phys- 
id,, 1937, 88,) 

Cat. Chloralose anaesthesia 
Records from above down- 
wards are : knee-jerk elicited 
every 10 seconds; blood 
pressure ; signal line ; time 
in 30 sec. During the fall 
of the signal the central end 
of the va^us is stimulated. 
The knee-jerk is abolished. 
Note the " inhibitory after- 
discharge,” i.e. the aboli- 
tion of the knee-jerk 
prists for a considerable 
time after afferent stimula- 
tion is discontinued. The 
inhibition also persists while 
the blood pressure is return- 
ing to normal. Later on in 
the record the blood pres- 
sure fell spontaneously but 
the knee-jerk was unaffected. 
These last two points prove 
that the depression of the 
knee-jerk is not due to the 
associated circulatory 
changes. 


wMcbare generally regarded as being unrelated 

portions of tbe nervous system. Several striking instances of widespread 
central viscero-somatic irradiation may be quoted. 


(1) Stimulation of tie central end of tie vagus nerve reflexly inhibits 


the knee-jerk (Fig. 503). This effect is not due to the associated fall of blood 
pressure or change in breathing, but is produced by impulses which enter 
the medulla and pass down the spinal cord to reach the lumbar ventral horn 
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cells. In animals under light cUoralose ansesthesia, generalized spontaneous 
muscular movements are common ; these, too, may be reflexly inhibited by- 
central vagus stimulation, the impulses in this case inhibiting ventral horn 
cells throughout the spinal cord. Even strychnine convulsions may be 
reflexly inhibited in the same way.^ 

(2) A rise of pressure in the carotid sinuses may produce general muscular 
relaxation and all the phenomena of natural sleep (Fig. 504). Bodily move- 
ments cease, the head and tail hang limply, the eyelids are partially closed, 
the pupils constrict, and only feeble responses to nocuous stimuli can be 
obtained. On lowering the pressure in the carotid sinus the animal wakes 

j :: ^ 



Fig. 504. — Reflex Effect of Raised Carotid Sinus Pressure on Consciousness. 
(After Koch, from Schweitzer, Irradiation Autonormr Beflexe, 1937.) 

Unansesthetized dog ; right innervated carotid sinus prepared so that the pressure in it can 
be artiflcially raised from perfusion apparatus. Between A and B the sinus pressure 
was raised to 200 mm. Hg. In B, muscle tone disappears and the animal is in a state 
which resembles normal sleep. 


up suddenly. Stimulation of vaso-sensory nerves may thus induce a general 
trance-Uke state (cf. p. 686). 

(3) Vagus apnoea is another good instance (p. 388). The inspiratory 
centre (p. 384), which is a complex group of automatically discharging cells 
controlling skeletal muscles may be inhibited by afferent impulses coming in 
the vagus from a viscus, the lungs. Stimulation of the central end of the 
splanchnic nerves may likewise reflexly modify breathing. 

(4) Where the higher levels of the brain are considered, examples of reflexes 
involving muscles and viscera simultaneously are numerous, e.g. the rage 
reaction of the thalamic animal (p, 664),^ other kinds of reflex emotional 
reactions or the complex responses to heat or cold. The cerebral cortex also 
controls visceral activity, as is seen from the results both of stimulation and 
extirpation experiments and of disease (p. 671). 

1 Schweitzer and Wright, J, Physiol,, 1937, 88, 459, 
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PHYSIOLOGY OF MICTURITION ^ 

Efferent Supply of Bladder. — The efferent fibres to the bladder come 
both from the sympathetic and the sacral autonomic. 

The detailed anatomy of these nerves has been carefully studied in man ^ 
(Fig. 505). The sijmpathetic connector cells He in the grey matter of the 
first and second lumbar segments of the spinal cord. The connector fibres 
take various routes — through the lateral sympathetic chain, and through the 
coeHac and superior mesentric gangha — to form a nerve lying in front of the 
sacrum — ^the presacral nerve. This divides at the level of the first piece of 
the sacrum into two hypogastric nerves which end in the hypogastric ganglia 
on the lateral aspects of the rectum.® The sacral autonomic fibres arise 
from cells in the second sacral, and less constantly from the third sacral 
segments, and pass in the nervi erigentes, likewise to end in the hypogastric 
gangha which serve as the excitor relay station for both sets of fibres. From 
the anterior border of these ganglia, sympathetic and autonomic post- 
ganghonic fibres arise and pass to the bladder both the body (detrusor) and 
internal sphincter. 

The prostatic urethra and the external sphincter receive efferent somatic 
fibres from the pudic nerves. 

Effects op Sympathetic Stimulation. — In animals the body of the 
bladder relaxes and the sphincter vesicse contracts. Learmonth obtained 
the foUowing results on stimulating the presacral (sympathetic) nerve in man : 
closure of the ureteric orifices, contraction of the internal sphincter, increase 
in the tone of , the. trigone and vasoconstrictibh in this region. In addition, 
there was contraction of the muscle of the seminal vesicles, the ejaculatory 
ducts, and the prostate, and the contained secretions were squeezed out 
(p. 1105). No effect was observed on the dome or lateral walls of the bladder. 
Intravenous injection of adrenaline in man lowers the pressure in the com- 
fortably full bladder ; it is therefore probable that the sympathetic nerves 
can exert some inhibitory influence on the body of the bladder in man as in 
lower animals. 

Effects of Sacral Autonomic Stimulation. — The internal sphincter 
is relaxed, the detrusor is stimulated, and the bladder is emptied. 

Afferent Supply of Bladder. — The afferent fibres probably take a 
double route : (a) along the sympathetic into the dorsal nerve roots of LI 
and 2, and the lower thoracic segments ; (b) along the sacral autonomic 
into the sacral dorsal nerve roots. They subserve two functions : (i) they 
indicate the degree of distension of the bladder; (ii) convey pain sensibility. 
Traction on the presacral (sympathetic) nerve gives rise to a crushing kind 
of pain which is felt in the bladder itself, i.e, it is locaHzed surprisingly 
accurately and is not referred to the slrin segments. The pain of bladder 

1 Fearnsides, Brain, 1917, 40, 14:9, Head and Riddoch, ibid, 1917, 40, 188-263. 
Denny-Brown and Robertson, Brain, 1933, 56, 149. 

* Learmontb, HraiTi, 1931, 54, 147, 

» In the lower animals the sympathetic relay station is in the inferior myenteric 
ganglia (at the origin of the inferior mesenteric artery) from which hypogastric (post- 
canelionic) nerves arise. In man, however, the inferior mesenteric ganglia are rarely 
present. 
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disease is diminislied to a considerable extent by section of the presacral 
(sympathetic) nerve ; it is abolished totally, however, when the sacral 
parasympathetic fibres are also cut. 

Cortical Control. — The path of the afferent fibres within the central 
nervous system is not known. A higher centre for control of the bladder 
is described at the top of the motor area of the cerebral cortex on the medial 
aspect of the hemisphere in association with the centres for the perineal 



Hypog.N. 


Fig. 505. — Innervation of the Bladder. (Learmonth, Brain^ 1931.) 

The diagram shows the formation of the presacral nerve (l^reaac. N.) from a middle root and two lateral 
Cmlia^A., Snp.Mes.A., Inf.Mes.A.=ccnliac, superior mesenteric and Inferior mesenteric artery; 

renal ganglion; M.R. —middle root of presacral nerve derived from 
flores from O.Gr. and H.G. which come down the front of the aorta and interlace round the origin of 
the inferior mesenteric artery. The lateral roots come from the first to the fourth lumbar ganglia. 
Hypog.N. « hypogastric nerves. 

structures. The path in the human spinal cord for these motor fibres from 
the cortex lies lateral to the pyramidal tracts intermingled with the spino- 
cerebellar fibres. 

Postural Activity in the Bladder. — The bladder is an organ in which 
the phenomena of tone have been extensively studied. 

(i) If flmd is injected into a bladder 24 hours after death, no rise of internal 
pressure initially takes place. The fluid serves first of all to straighten all 
the folds that are present ; then, as more fluid is pumped in the pressure 
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rises witli increasing rapidity for every firesh rise in bladder content. On 
reaching the limit of elasticity of the bladder wall the gradient of ascending 
internal pressure becomes very steep before the final bursting of the organ. 

(ii) In the initial stage of shock following complete trans-section of the 
spinal cord, similar results are obtained, Le. the bladder responds purely 
passively to distension with urine. 

(iii) The normal bladder, however, responds differently. If fluid is intro- 
duced into the bladder through a catheter, e.g, in quantities of 50 c.c. at a 
time, the bladder pressure rises immediately on each occasion ; but if an 
interval is allowed to elapse after each bout of filling, the pressure frequently 
falls to some extent, though the volume, of course, remains tmchanged. 
These points are well brought out in Fig. 506. The intact bladder thus 
responds initially to distension by a contractile resistance which leads to a 



Fig. 506. — ^Efifect of Filling Bladder on Internal Pressure. 

(Denny-Brown and Robertson, Brain, 19S3, 56.) 

Ordinate ^bladder pressure in cm. H 2 O ; abscissa*- bladder volume in c.c. 

50 c.c. of fluid were introduced into the bladder via a catheter and the resulting pressure recorded. A short 
interval was then allowed. The vertical drops of pressure indicate the adaptation that then takes 
place. T*urther quantities of 50 c.c. were then successively introduced and the procedure repeated 
Note the much more rapid rise of pressure when the bladder volume exceeds 500 c.c. 


rise of pressure ; subsequently the bladder wall actively adjusts itself to the 
new conditions, its fibres presumably elongate and the contents are gripped 
at a lower pressure than that which obtained previously. When one talks 
of tone in the bladder or other hollow viscera, one has in mind these active 
adjustments of the muscle coat to variations in internal volume ; as a result 
the contents are subjected to pressures which vary to some extent, hut not 
directly, with their volume. "V^en the bladder volume exceeds 500 c.c. the 
pressure tends to rise more sharply and may exceed 10—15 cm. of water. 

(iv) As the bladder is filled progressively there is first the gradual rise of 
internal pressure just described ; later transient pressure waves appear which 
are at first small and unaccompanied by any sensation. ^ With higher bladder 
volumes [e.g. 700 c.c.) these contractions may cause pain and are associated 
with a sharp rise of pressure. By an effort of the will, i.e. a decision to hold 
the urine, the contractions may pass off wholly or partially and the discomfort 
disappears (Fig. 507). This, however, is only temporary, for the contractions 
25 
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intra-abdominal pressure compresses the bladder from without. The intra- 
vesical pressure rises steeply and the bladder is evacuated. Micturition can, 
of course, be carried out voluntarily before urgent afferent impulses have 
been received. 

In young children the process is different. Postural activity in the 
bladder is less perfect, and quite small quantities of urine may raise the 
pressure sufficiently to send afferent impulses up to the cord. The higher 
centres are not involved and micturition occurs entirely reflexly (perhaps at 
the spinal leveT) from stimulation 6f the nervi erigentes. 

The postural behaviour of the bladder can be influenced by a variety of 
circumstances. In certain forms of emotional stress, as in the anxious 
moments preceding an examination, the power of the bladder to elongate its 
fibres as its contents increase, appears to be in abeyance. The well-known 
result is that there is a constant desire to micturate, with the passage of only 
small quantities of urine on each occasion. Frequency is produced in a 
s imil ar way when the bladder wall (or mucous membrane) is irritated by 
inflammation or stone. The nature of the disturbance in the so-called 
“ enuresis of children ” is not clear. Many authorities believe the trouble 
is psychical and that it is analogous to the ‘‘ emotional ” frequency described 
above. 

Effects of Interference with Nervous Control of Bladder. — 
1. Section of Sympathetic Supply. — In man, the immediate effects, as 
would be expected, are relaxation of the ureteric orifices, the trigone, and 
internal sphincter ^ ; later, the internal sphincter may recover and close 
completely, though it gives way easily when a catheter is passed. After an 
initial and inconstant period of frequency of micturition, bladder function is 
re-established in a comparatively normal way. 

2. Injury to Sacral Nerve Supply. — In severe cases there is complete 
loss of voluntary micturition ; the external sphincter is flaccid. The bladder 
responds peculiarly to distension : with a small volume, e.g. 200 c.c., the 
pressure may rise rapidly to 70 cm. of water ; the bladder then adapts 
itself quickly leading to a sharp fall of pressure to say 30 cm. of water. After 
a time the bladder, though deprived of its motor innervation, empties 
itself periodically automatically through the intervention of the local peri- 
pheral neuromuscular mechanisms. The isolated bladder, if otherwise 
healthy, can respond to adequate internal distension by contraction of the 
detrusor muscle ; these contractions, however, are not as powerful or as well 
co-ordinated as normally so that micturition is incompletely performed and 
has to be aided by the compression effect of abdominal contraction. Large 
quantities of residual urine {e,g, 300 c.c.) may be left in the organ, 

3. Injury to Afferent Supply. — ^The afferent impulses from the bladder 
may be lost or diminished from lesion of the lumbosacral dorsal nerve roots, 
as in tabes. The patient is unaware of the state of distension of the bladder. 
He can still micturate at will, but if he does not do so at regiflar intervals, 
the accumulation of urine precipitates involuntary automatic evacuation 
(cf. 2 supra) ; or else the pressure in the bladder may rise till the resistance of 
the sphincter is passively overcome and dribbling occurs (cf. p. 562). 

4. Injury to Cortical Control. — Efferent control of the bladder is 

1 After complete sympathetic denervation, ejaculation can no longer take place, 
though psychical orgasm and erection occur ; sterility therefore resvUs 
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disturbed in lesions in the vicinity of the pyramidal tracts to the lateral side 
of which the fibres for the voluntary regulation of the bladder are probably 
found. The patient is completely conscious of all events occurring in big 
bladder, but voluntary control of micturition is interfered with. The patient 
has difficulty in initiating the act, and, further, he cannot hold his water at 
will : when the desire comes on he responds to it immediately. In other 
words, voluntary control of both motor and inhibitory fibres to the bladder 
is impaired. Such symptoms occur in any spinal lesions involving both 
pyramidal tract regions, e.g. disseminated sclerosis, early compression of the 
cord, or syringomyelia. 

5. Acute Trans-section op the Cord. — If the spinal cord is completely 
trans'sected by some acutely acting injury, voluntary micturition is completely 
abolished. The activity of the detrusor muscle remains in abeyance for a 
long period, but sphincter tone returns very soon. At this stage the bladder 
responds to filling in the same way as the dead organ (p, 768) or like an 
elastic bag. Retention of urine is therefore complete from an early stage. 
If no catheter is passed, the bladder becomes increasingly overstretched. 
The sphincter is finally forced open by the high intravesical pressure and 
small quantities of urine escape at frequent intervals — a condition of “ reten-- 
tion with overflow.” Owing to the excessive stretching of the bladder wall, 
its nutrition suffers and it becomes very prone to infection. Cystitis may 
occur, and death results from the usual complications of ascending urinary 
infection. If the inflammation is of a lower grade, the bladder shnnks and 
the musculature is so damaged in consequence that it becomes incapable 
of ever again responding normally to internal stimuli ; it contracts at 
irregular intervals and evacuates small amounts of urine. 

If the bladder is catheterized within 24 hours of the spinal injury, fitful 
evacuation of urine may occur at intervals, but most of the urine has to 
be drawn off. As recovery occurs, the bladder responds with increasing 
force to distension with urine so that the pressure rises sharply ; but if a 
constant volume is left in the bladder the pressure rapidly falls again. In 
the course of time, reflex micturition becomes more perfectly established. 
The volume of urine present in the bladder before reflex evacuation occurs 
shows wide individual variations. If the subject takes a deep breath his 
bladder, which usually empties at a content of e,g, 380 c.c., may empty when 
it contains no more than e.g. 80 c.c. Similar results follow when the flexor 
reflex is elicited or the glans penis is stimulated (p. 692). Reflex evacuation 
can often be produced when a catheter is in position, though it may be 
impossible otherwise. Presumably in such cases the coordinated inhibition 
of the sphincter has not yet been established, and the detrusor muscle is 
unable to overcome the resistance of the sphincter. 

When the functional activity of the isolated region of the spinal cord 
becomes depressed through toxaemia, reflex bladder activity passes off in the 
reverse order in which it has returned; the detrusor weakens first (with 
retention and overflow), and finally sphincter tone is lost, and dribbling results. 
A similar state of affairs develops in any condition associated with extensive 
destruction or inflammation of the distal end of the spinal cord. 

Effects of Obstruction. — Obstruction to the outflow of urine from 
the bladder may be due to anatomical obstacles {e,g. enlarged prostate or 
urethral stricture) or to functional derangements (e.g. a tonic sphincter with 



PASSIVE INCONTINENCE 


773 


a relatively weak detrusor) ; retention of urine consequently tends to occur, 
and tke intravesical pressure rises till it causes expulsion of tke urine. When 
the obstruction is mechanical, the stretching of the bladder wall acts at 
first as a growth stimulus resulting in hypertrophy of its fibres and increase 
in their expulsive power, which for a time enable the obstacle to be over- 
come. But when, finally, the bladder wall is overstretched, it becomes para- 
lysed, and normal evacuation no longer takes place. At first, small rhythmical 
contractions may occur and account for some dribbling, but in the main the 
escape of urine is due to overflow from the overfilled organ. This is referred 
to as retention with overflow, or passive incontinence. 
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SECRETION OF DIGESTIVE JUICES ^ 

THE SALIVA 

Innebvation of the Salivaby Glands. — This is described on pp. 709, 714. 
The S 7 mpathetic fibres reach the glands along the coats of the blood vessels, 
the excitor cell station being in the superior cervical ganglion. The parotid 
gland receives parasympathetic fibres from the inferior salivary nucleus 
along the glossopharyngeal nerve ; the excitor cell station is the otic ganglion 
which sends postganglionic fibres in the auriculo-temporal nerve to the 
gland. The suhmaxilla/ry and sublingual glands receive parasympathetic 
fibres from the superior salivary nucleus through the pars intermedia and 
chorda tympani ; the excitor relay station is in nerve cells which lie in the 
vicinity of the glands. 

The parotid gland secretes a watery juice which is chiefly used for moisten- 
ing the food. The submaxHlary and sublingual glands produce a sticky 
juice which is rich in mucus. 

Stimulation of the sympathetic is said to produce histological changes in 
the parotid gland and constriction of the arterioles. The parasympathetic 
fibres are secretomotor i.e. they cause the secretion of salts and water, and 
dilatation of arterioles.^ Secretion of saliva is normally produced reflexly as 
a result of the taste, sight, thought, or smell of food.® 

Functions of Saliva. — These are mechanical and digestive. Saliva aids 
mastication and swallowing, it facilitates speech, and helps to dilute irritants 
and to cool excessively hot foods. The unimportant digestive action of 
ptyalin takes place mainly in the stomach and is concerned with the initial 
stages of the hydrolysis of starch (p. 835). 

The relation of dry mouth to thirst is considered on p. 68. 

1 Pavlov, Work of Digestive Olands, 2nd edn., London, 1910, Babkin, Secretory 
Mechanism of Digestive Glands, 2nd. edn., New York, 1949. Grossman (Hormones of 
Alimentary Canal), Physiol. Rev., I960, 30, 33. 

® For discnssion of tbe changes which take place in these glands during activity, see 
p. 20 ; see pp. 676 et seq. for use of salivary secretion in the study of conditioned reflexes. 

® OEsophago-Sahvaky Reflex. — If the oesophagus is cut and its distal portion is 
stimulated, an abundant flow of saliva results. This reflex depends on the integrity of the 
vagi. The importance of this reflex is that it enables any bolus which is held up in the 
oesophagus to be washed on. Peristalsis caimot be initiated in the oesophagus by means of 
mechanical stimulation ; but when the reflexly secreted saliva is swallowed, it sets up the 
processes of deglutition which result in coordinated contraction of the oesophagus, and 
the bolus is moved on. In carcinoma of the oesophagus, salivation, reflexly produced in 
the way described, is a common symptom. 

Gastbo-Sauvaby Reflex. — ^When food is introduced into the stomach of a dog with 
precautions to avoid psychic impressions, a flow of saliva occurs after an interval of 
20 minutes. 
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SECEETIONS AND FUNCTIONS OF GASTRIC JUICE 

Gastric Mucous Membrane. —Three types of glands are found in the 
gastric mucosa (Figs. 113, 508) ^ : 

( 1 ) The cardiac glands occupy a zone a few millimetres wide near the cardiac 
orifice of the stomach they are mucus secreting glands resembling those of 
the pylorus. Nothing is known about their function or control. 

(2) The pyloric glands commence 
at the incisura angularis on the lesser 
curvature ; on the greater curvature 
they generally begin at a point consider- 
ably nearer to the pylorus. The ducts 
are long and the gland alveoli short ; 
the latter resemble Brunner’s glands of 
the duodenum and secrete an alkaline 
fluid which is rich in mucus and has 
considerable neutralizing power but is 
poor in chloride and digestive enzymes. 

Peripheral vagus stimulation (and 
in some species sympathetic stimula- 
tion) leads to secretory activity in 
this region ; little is known about the 
general regulation of pyloric secretion. 

(3) Main gastric glands. — The rest 
of the gastric mucosa (in the fundus, 
body, and part of the pyloric region) 
contains what may be called the main 
gastric glands (often referred to mis- 
leadingly as fundio glands). The ducts 
are short and the gland alveoli are long; 
the latter are lined by two types of 
cells : the chief or peptic which secrete 
pepsin (from an inactive precursor, 
pepsinogen), and the ovoid parietal or 
oxyntic cells which secrete HCl (Fig.508) . 

(4) The surface lining of the stomach 
consists of columnar epithelial cells 
between which lie many mucus secret- 
ing goblet cells ; there are also many 
mucous cells in the necks of the glands. 

The main gastric glands secrete thefluid generally called the gastric juice. 
This contains (Fig. 59) : 

(i) A strongly acid solution from the oxyntic cells containing 0*4-4)*5% 
HCl (i.e. stronger than 0*1n which is 0*35%) and varying little in composi- 
tion 2 ; it is essential for peptic digestion and has some antiseptic action.® 

^ The arrangement of the mmcle fibres of the stomach is described on p. 807. 

2 Experiments on isolated gastric mucosa (frog) show that the oxyntic cells can secrete 
HCl at a concentration of 0-16 n (pH=l*4). 

® Bacteria up to 100,000 organisms per c.c. may also be found, chiefly bacillus ooli, 
staphylococci, and non-hsemolytio streptococci. The bactericidal power of the gastric juice 
probably prevents virulent organisms (e.g. hsemolytic streptococci) from entering the 
duodenum alive. 



MUSC. MUC. 


MEISSNERS PLEXUS 


Fig. 608. — Diagram of Nerve Supply of 
Gastric Mucosa and of Chemical 
Transmitters Concerned. 

Pregang. Vagus : preganglionic fibres of vagus 
end in Meissner’s plexus. Transmitter is 
A.Ch (acetylcholine). 

Postganglionic fibres from Meissner’s plexus end 
in gland cells. Transmitter to peptic cells 
is acetylcholine; to oxyntic cells it is 
acetylcholine (+histamine ?). 
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(ii) Pepsin (and perhaps rennin and lipase) from the chief cells. Pepsin 
(in the presence of HCl), breaks proteins down to peptones (p. 878). Rennin 
curdles milk ; it acts on the caseinogen of milk and, in the presence of ionic 
calcium, insoluble calcium casemate is precipitated. 

(iii) Intrinsic factor (in man) (p. 201). 

^ (iv) Mucin, both dissolved and 
visible, from the superficial and 
neck cells. 

Peripheral or reflex vagal stimu- 
lation causes simultaneous secretion 
of the enzymes, HCl, and mucus 
from the main gastric gland area 
(Fig. 509) ; these constituents are 
not necessarily always secreted in 
the same proportions. The secretion 
is accompanied by vasodilatation ; 
the mucosa becomes rose red in 
colour. 

The gastric mucosa also releases 
several hormones into the blood 
stream. The best known are gastrin 
and enterogastrone. 

The chemical transmitter of the 
vagus to the stomach (as elsewhere) 
is acetylcholine (p. 719, Fig. 508). 
After meals or vagus stimulation 
normal gastric juice also contains 
histamine which is unrelated in 
amount to the histamine concentra- 
tion in the blood.^ The physiological 
significance of this histamine con- 
tent is uncertain, but it has been 
suggested that in the case of the 
oxyntic cells of the stomach two 
chemical mediators are successively 
involved: stimulation of the vagus 
first releases acetylcholine ; this 
in turn releases histamine which 
penetrates into the oxyntic cells 
to cause a discharge of HCl (Fig. 
508) ; some of this histamine 
secondarily escapes into the gastric 
juice. 

Collection of Pure Gastric Juice. — In animals (dog) the following 
procedure is employed. A special stomach pouch is prepared as described by 
Pavlov (a Pavlov pouch (Fig. 510)). A small pouch of the stomach is separ- 
ated from the main body of the organ by a double layer of mucous membrane ; 
the open end is brought up to the surface of the body. The nervous and 
vascular connections of the pouch are left intact. Pure gastric juice unmixed 
Code, Hallenbeck, and Gregory, Amtr, J. PhysioU 1947, 151, 693. 
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509. — ^Effect of Continued Vagus 
Stimulation on Gastric Secretion. (Bowie 
and Vineberg, QmrL J, exjt. Physiol,, 
1935, 26.) 

Dog : peripheral vagus stimulated for 9 hours. 

The ordinates from above downwards are : 

0) pepsin in arbitrary units, 

(ii) volume of gastric juice in c.c., 

(iii) total HCl in g., secreted per hour. 

Note the increase in all three values. 
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with food can be obtained from the pouch while the digestive processes are 
proceeding in the main stomach. The vagus nerve is exposed in the neck under 
anaesthesia and divided. A few days are allowed to elapse for the inhibitory 
fibres to the heart to degenerate ; for some unknown reason the vagal fibres 
to the stomach (and pancreas (cf. p. 790)) survive longer than those to the 
heart. The peripheral end of the vagus may then be stimulated in the un- 
anaesthetized animal ; a flow of gastric juice results after a short latent period, 
proving that the vagus is the secretory nerve to the stomach (Fig. 509). 

Collection of Gastric Juice in Man. — This is usually aspirated from the 
stomach after swallowing a fine rubber tube (cf. p. 781). In cases of gastric 
fistula (resulting from injury or operation), pure juice may be directly obtained 
and the mucosa can be readily inspected (p. 786). 

Regulation of Secretion of Gastric Juice.^ — There are three phases of 

gastric secretion. The v/An/ av 

I , . ,, ,7. VAGI to/:) 

first IS the cephaUc or 

nervous phase which is 
due to reflex stimulation 
of the vagus nerves ; the 
juice so formed is called 
psychic or appetite juice. 

This is followed by the 
chemical phase, which is 
subdivided into a gastric 
and an intestinal phase. 

In the chemical phase, 
hormones are absorbed 
into the blood stream, 
reach the stomach again 
via the circulation, and 
modify its secretory 
activity ; the hormones 
include the excitatory 
agent gastrin, and the 
inhibitory agent enter ogas- 
trone. Absorbed products 
of digestion may act similarly. The regulation of gastric secretion is most 
readily investigated by means of animal experiments which are described 
below ; human observations will in the main be considered later (p. 781). 

I. Nervous Phase. Appetite Juice. — ^If the vagi are intact, the sight, 
smell, or taste of food reflexly produces a flow of gastric juice. The secretion 
thus obtained is the fsychic or appetite juice. Taste is the most effective 
stimulus and sets up an inborn reflex via the brain stem ; the sight and 
smell of food set up secretion by means of an acquired or conditioned reflex 
(via the cerebral cortex (p. 678)). Chewing indifferent substances not related 
to food is ineffective. Appetite juice is well demonstrated in animals by the 
method of sham feeding. The oesophagus is exposed in the neck and divided, 
and the two cut ends are brought up to the surface. Sham feeding or drinking 
can now be carried out, i,e, food is given which is masticated and swallowed, 
but drops out through the upper end of the cut oesophagus. Appetite juice 
^ Kahlson, Brit, med, J., 1948, ii, 1091. 
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610. — ^Diagram illustrating Experimental Analysis 
of Humoral Factors relating Gastric Secretion. 
The pyloric partition is at the pyloric sphincter. 
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(in the dog) in response to sham feeding sets in after a latent period of 5-10 
minutes ; the volume secreted reaches its peak after 1 hour and persists for 
3-6 hours. The juice is highly acid and has a high pepsin concentration. 
Appetite juice is not essential to health. When it has been abolished by 

section of the vagi, digestion is not 
impaired. It is of value, however, in 
initiating the digestion of the food; 
some of the products of such digestion 
by releasing gastrin and perhaps in 
other ways produce a further flow of 
gastric juice (infra). 

Appetite juice may be secreted in 
man in response to the sight or smell of 
appetising food, or when a meal is 
chewed and immediately spat out; the 
secretion is usually of brief duration but 
is accompanied (as in animals) by an 
increased blood flow through the 
gastric mucosa and increased motility. 
The effects of fear and anxiety are 
considered on p. 786. 

2 . Chemical Phase. Gastric Re- 
sponse to Food. — If certain foodstuffs 
are introduced into the stomach directly 
via a gastric fistula (Fig. 510) a secre- 
tion of gastric juice is obtained after 
a latent period of 30-60 minutes. The 
volume of juice reaches its peak in 
2 hours and secretion continues for some 
hours afterwards; the juice has a high 
acid content but its pepsin content 
is lower than that of vagus juice. Under 
natural conditions the appetite juice is 
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of Gastrin on Gastric followed by the chemical response to 
the presence of food in the stomach. 

Mechanism op Chemical Phase.— 
The following substances produce a 
secretory response: (i) meat extracts; 
(ii) certain foodstuffs, e.g. bread, 
egg white, meat, milk, and their 
digestion products; (iii) liver extracts. 
Distension of the stomach also stimu- 
lates gastric secretion. All these 
procedures produce their effects by 
releasing gastrin into the blood stream. 

The chemical phase is not due to reflex secretion via the vagi as it persists 
after cutting both these nerves. It is not due to a local reflex through the 
intrinsic gastric plexus (i.e. Meissner’s plexus) ; thus when a suitable food 
is introduced into the main stomach, a secretory response is obtained from 
a completely separated and denervated stomach pouch (Fig. 510). This last 


611.— Effect 
Secretion. (Komarov, Mev. Canad. 
Biol, 1943, 1, 380.) 

Cat under choralose; cannulate entire stomach. 
The gastrin preparation was histamine-free 
and had no effect on blood pressure. Bach 
arrow represents the injection of 20 mg. of 
gastrin, 

Records from above downwards are : 

(i) HCl in m.Bq./L., 

(ii) volume of gastric juice, In c.c., 

(iii) pepsin in arbitrary units, secreted per 

half hour. 

Gastrin stimulates secretion of gastric fluid and 
acid, but not of pepsin. The response is not 
annulled by atropine, (cf. Pig. 622) 
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experiment also proves that the chemical excitants do not stimulate the 
gastric glands by a direct action. It may be concluded therefore that a 
hormone (gastrin) is absorbed 20 

into the veins, enters the general 
circulation and reaches the gastric 
glands via their arterial blood 
supply. 

The structures which form and 
release gastrin into the circulation 
have not been identified ; their 
site can be deduced by indirect 
methods. 

(i) Extracts of the pyloric 
region, the adjacent region of the 
body of the stomach (^'intermediate 
zone”) and the duodenum contain 
gastrin. 

(ii) The stomach is shut off 
from the duodenum by means of 
a double fold of mucous membrane 
at the pylorus (Fig. 510). The 
chemical excitants are then found 
to act most strongly when intro- 
duced into the stomach, but 


T400g. FLESH iVzHrs aFter 
I 75C.C OLIVE OIL in STOMACH 


HOURS 


Fia. 512. — Inhibitory Effect of Eat on Gastric 
Secretory Response to Food. (Data 
from Pavlov, Work of Digestive Glands.) 


Experiments on dog with Pavlov pouch. Time in 
hours after ingesting meat. Vertical axis 
represents volume of gastric juice in c.c. secreted 
, per hour by the pouch. 

fllon A'FFiar'f.ivA +.hmi 0 -h tn a Upper curve: after eating 400 g. of meat, 
tney are also enecxiive, rnougn uO a curve : same meal eaten 1*5 hr. after intro- 

^ duction of olive oil into the stomach. Note 

marked inhibitory effect of the oil on the gastric 
response. 


less extent, when introduced directly 
into the duodenum ; they are 
inactive when introduced into the 
rectum. The chemical response can thus be divided into a gastric and an 

intestinal phase. 

(iii) An isolated denervated 
pyloric pouch is prepared. If 
it is mechanically distended 
the main stomach responds 
by secreting juice. This ex- 
periment proves that the 
pylorus releases gastrin; this 
region is probably the main 
site of gastrin formation. 

Gastrin. — Gastrin is a 
protein of low molecular 
weight, closely resembling 
secretin (p. 792) in its chemical 
properties ; it is free of 
histamine and has no effect 
the blood pressure. It 



Fig. 513. — Inhibitory Action of Urogastrone on 
Gastric Secretion. (Friedman and Sandweiss, 
Amer, J. dig. Dis., 1941, 8.) 

Experiment on dog : gastric juice aspirated. 

Upper continuous hne=a control = response to injections 
of 0*1 mg./kg. of histamine subcutaneously hourly. 
Lower broken line = response to same injections, but 
at arrow, urine extract (urogastrone) was injected. 
Note Inhibition of secretion. 

Vertical axis : volume of gastric juice secreted per hour ; 
100=100%= volume secreted during second hour. 


on 


stimulates the stomach to 
secrete a juice which is poor 
in pepsin but rich in acid (Fig. 511) ; it is believed to act specifically on 
the oxyntic cells. It has no action on the salivary glands, pancreas, or 
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liver or on gastric motility. It is effective only when injected intravenously; 
intramuscular injections induce a very scanty secretion.^ 

A fall of blood sugar (Fig. 516) or the intravenous injection of certain 
amino-acids (glycine, alanine, glutamic acid) increases gastric secretion of 
both HCl and pepsin by stimulating the vagus nucleus in the medulla.^ A 
rise in blood sugar inhibits gastric secretion (Fig 516). 

Inhibitory Agents : Enterogastrone, Urogastronb. — The introduc- 
tion of fat into the stomach inhibits gastric secretion of both HCl and pepsin 
in response to a meal (Fig. 512) ; a much greater inhibitory effect follows 
the introduction of fat directly into the duodenum. Fat also inhibits the 
gastric secretory response to sham feeding, injection of histamine (Fig. 
515) or insulin (p. 785). As the introduction of fat into the duodenum 
inhibits the secretion of a transplanted denervated gastric pouch, it must 
act through a humoral mechanism, A gastric depressant agent has been 
detected in the blood of animals fed on fat. A potent inhibitory extract 
has been isolated from the intestinal mucosa and called enterogastrone ; it is 
thought to be responsible for the inhibitory action of fat. Ingestion of fat and 
injection of enterogastrone inhibit gastric motility too. A substance similar 
to, but not identical with, enterogastrone has been extracted from the urine 
in man and called urogastrone. Fig, 513 shows the inhibitory action of 
urogastrone on the gastric response to histamine.® 

Gastric Response to Different Foodstuffs. — As might be expected 
from the complex mechanisms involved there is a fairly characteristic gastric 
response for each kind of food in respect of volume and composition of 
secretion. 

R6lb of Hypothalamus. — Experimental lesions of the hypothalamus 
in animals are often associated with gastric haemorrhage, erosions or 
even perforation. The probable clinical significance of these results 

^Gastrin probably does not account completely for the chemical phase of gastric 
secretion ; when the chemical excitants are introduced into the stomach they produce a 
gastric juice which has a higher pepsin content than that induced by gastrin. Crude 
pyloric extracts have beien prepared which contain another principle which also increases 
pepsin secretion ; if this work is confirmed this substance might be called “ gastrozymin ” 
(cf. pancreozymin p. 793). According to TJvnas (Acta physiol, scand., 1942, 4, Suppl. 
xiii) gastrin (or some associated pyloric hormone) is also linked up with the gastric vagal 
secretory mechanism. The vagal fibres which supply the pylorus are alleged to stimulate 
the release of gastrin ; i.e. though gastrin is released mainly by chemical factors it is also 
released to a minor extent by nervous factors. It is claimed that circulating gastrin must 
be present if the vagus is to exert its secretory action on the main gastric glands. If the 
pylorus is excised, deprived of its blood supply, or poisoned with cocaine, stimulation of 
the vagus in the fasting animal fails to elicit the usual profuse flow of an acid- and pepsin- 
rich juice from the main gastric glands ; but if gastrin is infused into these animals 
(in concentrations which in themselves are ineffective) concurrently with vagal stimula- 
tion, the normal response characteristic of the intact animal is obtained. It is argued that 

r trin is part of the transmission mechanisms at the vagal terminals in the stomach. 

would follow from this work that vagotomy in addition to abolishing the nervous 
control might also depress the responses of the stomach to chemical stimuli. Similarly 
pylorectomy by removing the chief gastrin-bearing area might depress the efficacy of 
the vagal secretory control. [There may be a similar relationship between the action of 
the vagi and of Secretin on the pancreas,] 

^ It is surprising that glucogenic amino-acids should have the same effect as a fall of 
blood sugar. 

* It is claimed that though uncooked fat (e.g. olive oil) inhibits gastric secretion, certain 
cooked fats stimulate secretion. The point requires further study. 
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(especially in relation to the production of peptic ulcers) is considered on 
pp. 786 et seq. 

Gastric Secretion in Man. — Fasting Stomach. — Beaumont, in his 
classical observations on Alexis St. Martin, who had a gastric fistula following 
a grave injury to the abdominal wall, found that the fasting stomach was 
empty and contracted ; he applied his tongue to the gastric mucosa but noted 
no acid taste, Carlson, on the other hand, found in healthy individuals with 
gastric fistulae that the fasting stomach secretes gastric juice continuously 
at a rate of 10-60 c.c. per hour. The discrepancy may be due partly to 
individual peculiarities and partly to the fact that Carlson’s patients were 
studied with a rubber tube lying in the stomach ; Beaumont observed that 
a gum elastic tube is a strong mechanical excitant to gastric secretion in 
man (this incidentally is contrary to Pavlov’s experience in the dog). 
Clinical tests of gastric secretory function all involve the presence of a tube 
in the stomach. 

It is claimed that patients with duodenal ulcer secrete during the night 
a larger volume of gastric juice, which is also richer in acid than in normal 
people (cf. p. 787). 

Clinical Investigation. — 1. Fractional Test Meal. — The course of 
gastric secretion in man can be followed by means of the fractional 
test meal. A fine flexible rubber catheter is swallowed first thing in the 
morning, no food having been taken since the previous evening. The resting 
contents of the stomach are aspirated with a syringe. The stomach is washed 
out with distilled water which is withdrawn. A pint of thin gruel is swallowed 
and 10 0 . 0 . of gastric contents are aspirated at intervals of 15 minutes until 
the stomach is empty. Each sample is examined to determine the free HCl 
and total acidity. The results are plotted in the form of a curve (Fig. 514).^ 

A careful distinction must always be drawn between gastric contents and 
pure gastric juice. The contents of the stomach consist of varying propor- 
tions of acid juice secreted by the main gastric glands, mucus and alkali 
secreted by the pyloric glands, swallowed saliva, swallowed food, and pan- 
creatic and intestinal juices which have regurgitated through the pylorus. 

(i) Resting Gastric Contents. — After a night’s fast, the stomach contains a 
varying volume of fluid, 30 c.c. on the average ; free HCl can usually be 
demonstrated (so-called fasting ^secretion (cf. sufra)). The fluid consists of 
gastric juice, saliva, and mucus, and may be stained with bile which has 

, ^ The technique is as follows : To 5 c.c. of gastric contents a few drops of Topfer’s 
reagent (dimethyl-amino-azo-benzene) are added. A bright red colour indicates the pres- 
ence of free HGl. Titrate with 0-1 n NaOH till the solution becomes lemon-yellow. 
The results are always expressed in terms of the volume of 0*1 n NaOH which neutralizes 
100 c.c. of gastric contents (or the equal number of c.c. of 0*1 n HCl which have been 
neutralized). Add a drop of phenolphthalein, and run in more NaOH till the solution 
goes pink ; this gives the total acidity. The difference between the free HCl and total 
acidity is a measure of the HCl which is organically combined with mucin and protein 
(and of any abnormal acids like lactic acid, which may be present). The total acidity 
usually exceeds the free HCl by about 10 c.c. of 0-1 n HCl. 

In addition, the total chloride content may be determined ; this represents the sum of 
the free and combined HCl and the inorganic cMoride ; the last is mainly produced by 
neutralization of the gastric HCl by alkali. 

All samples are tested with iodme for the presence of starch, to determine the emptying 
rate of the stomach. When the starch reaction is no longer obtained (usually after ^ or 3 
hours), it is assumed that aU the gruel has left the stomach. A careful note is also made 
of the appearance of bile and mucus (or abnormal constituents, e.g. blood). 
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regurgitated from the duodenum. If the stomach has been secreting rapidly, 
the stomach contents may sometimes approach in composition that of pure 
gastric juice. 

(ii) Ingestion of the pint of gruel usually lowers the free acid almost 
to zero level, owing to (a) dilution of the gastric juice ; (h) its neutralization 
by swallowed saliva ; and (c) its combination with the organic substances 
in the meal. 

(hi) The acidity then usually slowly rises, and after hours reaches 
0-1% HCl (equivalent to 30 c.c. of 0-1n NaOH per 100 c.c. of gastric contents) 
on the average. The presence of the food and water in the stomach has thus 
called forth a second flow of gastric juice (chemical phase) ; as this secretion 
is added to the stomach contents, the acidity slowly rises (Fig. 514). Sub- 
sequently the curve of acidity may 
go on rising or, on the contrary, 
HQi may fall rapidly after the initial 
rise ; some cases show very little 
•327 rise even at first. 

Factors influencing Acidity 
Curves. — It is hardly surprising 
that the acid curves obtained show 
such wide variations in normal 
• 182 subjects. The following factors 
probably play a part : 

(i) The of acid secreted 

in response to the meal : in some 
people the stomach secretes a 
•036 large, in others a small, volume 
of juice. (The HCl concentration 
in the juice as secreted, is probably . 
V 2 I 1 V 2 2 2 V 2 fairly constant, i,e. over 0-1 n, 

hours about 0*4-0-5%.) Other things 

Rig. 514.-— Fractional Test Meal. (Bennett and being equal, the larger the amount 
Ryle-) of HCl which is secreted and thus 

Ordinate : c.c. of N/10 HCl (left) or g. of HCl (right) in added to the gastric contents the 
Shaded’ area ?e^£ente'the“ltait8°S*^e HCl In 80 per higher will be the COncentratioH of 
cumw-‘‘typ^e rfewvff acid attained A small percentage 

The emptying time of stomach ia measured by the of normal SUblectS secrete nO JlCl 

disappearance of starch (in this Fig. after 2 hours). (curve B, Fig. 514). 

(ii) The rate at which the gruel leaves the stomach : if the gruel leaves 
rapidly and the stomach continues to secrete actively then the gastric contpts 
approximate more and more closely to pure gastric juice with its high acidity ; 
the result is a climbing curve like A in Fig. 514. 

The above factors influence the rate and extent of the rise of intragastric 
acidity ; they obviously cannot produce the fall of acidity which usually 
occurs during the latter half of the test. This decline can only be brought 
about by neutralization of the acid gastric contpts by alkali. This alkali 
is derived to some extent from regurgitated intestinal juices but comes mainly 
from the alkaline secretion of the pyloric glands. 

(iii) Role of Regwrgitation of Intestinal Contents. — Intestinal contents 
sometimes regurgitate into the stomach (p. 810) ; this is proved by the not un- 
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common occurrence of bile in some of the aspirated samples (usually the later 
ones). The upper duodenum contains alkaline juices secreted by the liver, 
pancreas, and the intestinal mucosa. When this alkaline fluid enters the 
stomach it neutrahzes the gastric HCl and so lowers gastric acidity. A “ flat ” 
test-meal curve may be due to free regurgitation, while a climbing ” curve 
is favoured by absence of regurgitation. 

(iv) Role of Gastric Mvcus and AlkalL — The surface epithelial cells of the 
stomach, the neck cells of all the glands, and the alveoli of the pyloric (and 
cardiac) glands secrete mucus ; the pyloric glands also secrete an alkaline 
fluid. Mucus can neutralize considerable amounts of HGl ; thus if the juice 
secreted by a Pavlov pouch is allowed to remain in contact with the surface 
mucus for only 5 minutes, the acidity may fall by 25%. The importance of 
intragastric neutralization of the gastric contents in regulating intragastric 
acidity is shown by this fact : if the duodenal contents are steadily aspirated 
during the progress of a test meal the character of the test-meal curve may 
be entirely unaffected and the decline in acidity may occur in the usual way.^ 

The clinical value of the fractional test meal is limited ; the character of 
the curve obtained has little diagnostic value. Some light is thrown by this 
means on the emptying rate of the stomach ; but information about gastric 
motility is best obtained by radiographic examination. Pyloric stenosis can, 
however, be diagnosed from the presence of a large volume of resting (fasting) 
gastric contents which may be dark in colour and foul as a result of putre- 
factive change. The presence of blood is strong evidence of an organic lesion, 
e.g. ulcer or cancer. 

2. Histamine Test of Gastric Function. — Histamine is a powerful 
stimulant to the secretion of gastric juice ; it acts mainly on the oxyntic cells 
causing secretion of an increased volumei'of highly acid gastric juice with a 
low pepsin content (Pig. 515). The test is carried out as follows : the resting 
gastric contents are first aspirated with a stomach tube and the stomach 
washed out. 0-5 mg. of histamine is injected subcutaneously,^ The secretion 
is continuously aspirated ; the volume and acidity of each 10-minute sample 
are determined. 

The test is not unpleasant, though a quarter of the subjects develop 
headache. Intense salivation also takes place and the subject must be careful 
not to swallow the saliva, as that will invalidate the gastric analyses. Pollow- 
ing the injection, the gastric acidity rises steadily to a maximum and then falls 
off. Attention is paid to the following points (mean standards are indicated 
in brackets) : 

(i) Highest level of acidity obtained (102 c.c. of OTn HCl). 

(ii) Volume of OTn acid secreted in 1 hour (182 c.c.). 

(iii) Volume of juice secreted in 1 hour, (200 c.c.). For (ii) and (iii) the 
data for the specimens collected from the 10th to the 50th minute are used 
(i.e. for 40 minutes in all), and multiplied by 1*5. 

An injection of histamine tests almost specifically the functional state of 
the oxyntic cells ; it may be regarded as mimicking the action of gastrin. 
As the gastric juice is secreted rapidly and aspirated continuously, neutralizmg 
factors are reduced to a TYiiuiTYmm ; the peak of acidity noted after histamine 

^ Baird, Campbell, and Hem, QuyU Hospital jRep., 1924, 74, 23. 

* It is very important to note that if the initial blood pressure is under 110 mm. Hg 
the test may be dangerous. 
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injection probably represents the acid concentration of pure human gastric 
juice. The test gives a quantitative idea of the activity of the gastric mucous 
membrane. Histamine produces marked congestion of the mucous membrane 
in man. 

In a small proportion of normal subjects (perhaps about 2%) the gastric 
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MINUTES 

Fig. 515. — Comparison of Action of Histamine and Insulin on Gastric Secretion in Man. 
(Ihre, Acta med. scand., 1938, 95.) 

Records fron) above downwards : Blood sugar in mg. per 100 c.c. ; volume of gastric juice (in c.c. per 
10 min.) ; pepsin concentration in each sample and total pepsin content of each sample (the last two 
in arbitrary units). 

At first vertical pair of arrows : inject 0*6 mg. of histamine subcutaneously. 

At second vertical pair of arrows : inject 16 units of insulin intravenously. 

Note that insulin produces a much greater total pepsin secretion and pepsin concentration ; the peak 
of the insulin response coincides with the maximum faU of blood sugar (down to 60 mg-%.) 

mucosa is undeveloped and secretes no HCl ; the condition is called achylia 
gastrica. A similar achylia (accompanied by extensive destructive changes 
in the gastric glands) is a regular accompaniment of pernicious ancemia 
(p. 197). Achylia of a transient character may result from inflammatory 
conditions of the gastric mucosa. The absence of free acid in the fractional 
test meal is not conclusive proof of absence of HCl secretion as it may equally 
well be due to excessive neutralization ; but a negative' response to histamine, 
especially after repeated injections, is satisfactory proof of achylia.^ 

^ See Watkinson and James, OUn. 8ci., 1951, 10, 255, for possible fallacies. 
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Patients with a hypertrophic gastric mucosa respond more markedly 
than normal subjects to histamine. 

In cancer of the stomach, free HCl is often absent from the gastric contents. 
Tliis is probably due to the inflamed condition of the mucosa. If the interior 
of the stomach is washed to remove adherent mucus, evidence of gastric 
secretion can usually be obtained, especially in response to a histamine 
injection. 

3 . Insulin Test of Gastric Function. — The injection of insulin (7 units 
subcutaneously) is followed in man by a marked secretion of gastric juice 
resembling that produced by peripheral vagal stimulation, ^.e. it is rich both 
in HCl and pepsin content. The response sets in after a latent period of 
about 40 minutes and coincides with a considerable fall of the blood sugar, 
e.g, to 70 mg~%, and the usual early signs of hypoglycaemia (p. 915) such as 
dizziness or drowsiness. Pig. 515 shows a very striking response to the injec- 



Fig. 516. — ^Inliibitory Effect of Raised Blood Sugar on Gastric Secretion 
in Man. (Glaessner, Amer, J. dig, Dis,, 1943, 10,) 

Left-hand curve : F.T.M.= normal response to gruel meal. 

Bight-hand curves : upper : blood sugar in mg-% ; lower ; F.T.M:.= gruel meal attei 
administration (at arrow) of 100 g. of glucose intraduodena Uy. 

ISfote that acid secretory response is almost completely annulled ; blood sugar rises to 
270 mg-%. 

tion of 16 units of insulin intravenously. The gastric response is annulled 
when glucose administration is combined with the insulin injection to prevent 
the fall of the blood sugar ; it is clear that insulin does not act directly on 
the gastric secretory mechanisms but produces its effects solely by virtue of 
the resulting hypoglycaemia. In severe diabetic subjects even large doses 
of insulin fail to stimulate gastric secretion unless the blood sugar is reduced to 
a subnormal level. Appropriate cross-circulation experiments demonstrate 
that the hypoglycaemia acts on the central nervous system and causes increased 
activity of the vagus secretory supply to the stomach. The gastric response 
to hypoglycaemia is abolished, as expected, by double vagotomy (performed 
in man for peptic ulcer) (p. 789) or by suitable doses of atropine. Insulin 
injection (like vagus stimulation in animals) markedly increases gastric 
vascularity in man (of. p. 776). 

Effect of Raised Blood Sugar : — A marked rise of the blood sugar in man 
abolishes the secretion of acid by the stomach in response to a gruel test-meal. 
This is well demonstrated in Fig. 516 ; following the introduction of 100 g. 
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F.T.M.A 


F.T.M. B J 



of glucose intraduodenally wliioli raised the blood sugar to 270 nig-% a gruel 
test-meal produced no acid secretion whatever. 

4 . Combined Insulin-Histamine Test. — Insuhn {e,g. 7 units) is injected 
first, followed 20 minutes later by an injection of histamine (0*5 mg.) ; the 
gastric response sets in about 20 minutes later still. This technique subjects 

the stomach simultaneously to 
the stimulating action of the 
vagus nerve and of the peri- 
pherally acting chemical agent. 
The maximum secretory powers 
of the gastric mucosa can thus 
be determined. The volume 
of juice secreted during the 
period 40-60 minutes after the 
insulin injection is measured; 
on the whole it varies with the 
state of the gastric mucosa as 
seen gastroscopically. With a 
normal - looking mucosa the 
volume is about 2‘5 c.c. per 
minute and the maximum 
acidity is equivalent to about 
100 c.c. of 0-lN HCl (Fig. 517). 
When the mucosa is swollen and 
hypersemic much greater re- 
actions are obtained ; the 
volume may be as high as 6*4 
c.c. per minute and the maxi- 
mum acidity may exceed 0*16n 
HCl. Fig 517 also shows (as 
would be expected) that the 
combined insulin - histamine 
stimulus produces a far higher 
level of acidity of the gastric 
contents than does the frac- 
tional test meal. 

Influence of Emotional 
State on Stomach.^ — Eecent 
studies on a healthy subject 
(“ Tom”) with a chronic gastric 
fistula have shown that the 
stomach in man responds very 
readily to changes in the 
emotional state. The degree of 
vascularity of the mucosa was determined by direct examination of its colour 
or by means of a sensitive thermocouple; alterations in gastric motility were 
suitably recorded. Sudden fear, for example, produced by the entry of an 
‘‘irate doctor muttering imprecations” caused sympathetic overaction shown 
by marked vasoconstriction and a resulting decrease in acid secretion (Fig. 518) . 
' Wolf and Wolff, Human Gastric Function^ New York 1943. 


120 0 
MINUTES 

Fig. 617. — Gastric Secretory Response to Insulin 
plus Histamine. (From an experiment by Dr. 
Morton GUI.) 

Ordinate : c.c. n/10 HCl per 100 c.c. of gastric juice or 
gastric contents. 

UrPER Eecords (Subject A) : Left-hand curves : A.I.H. : 
response to injection of 7 units of insulin (I) followed 20 
minutes later by injection of 0*6 mg. of histamine (H). 

A.I. : response to 7 units of insulin (I) only. 

Right-hand curves : gruel fractional test meal (F.T.M.) of A. 

Note that the response to insulin alone (A.I.) is smaller than 
the response to insulin -|- histamine (A.I.H.). 

These curves are from subject A with a normal stomach and 
normal mucous membrane gastroscopically ; the volume 
of secretion averaged 2*6 c.c./min. after insulin -f- 
histamine injection. 

Lower Records (Subject B) : Left-hand curve : B.I.H. 
response to injection of 7 units of insulin (I) followed 20 
minutes later by 0*6 mg. of histamine (H). 

Right-hand curve : fractional test meal (F.T.M.) of B. 

Both curves are from subject B in whom the mucous mem- 
brane of the stomach appeared gastroscopically thickened 
and congested. In j ection of histamine -t- insulin produced 
a higher volume of secretion (6*4 c.c./min.) and a higher 
peak acidity than in the normal subject (A.I.H.). 

The F.T.M. for B also shows a greater response than for A. 
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When the subject was ‘‘ depressed with sadness and self-reproach ’’ he 
displayed a decreased secretory and a decreased vasodilator response to the 
ingestion of 30 c.c. of broth (Fig. 519). 

Other kinds of emotional disturbance on the other hand led to para- 
sympathetic overaction. Thus the subject was once unjustly rebuked by his 
medical employer for slowness and inefficiency in carrying out his job and 
for overcharging. ‘‘ Tom ” experienced “ mounting hostility and resent- 
ment ” ; this emotion was accompanied 


by progressive engorgement and thicken- 
ing of the gastric mucosa, increased acid 
secretion, and increased gastric motility 
(Fig. 520). 

Another striking example may be 
quoted. Dr. Hoelzel, a student of gastric 
function, had made some 3000 gastric 
analyses upon himself before 1928 ; “ the 
morning gastric aspiration was as regular 
as washing the hands or face.” On 24th 
January 1928 there was an attempted 
robbery at his house in Chicago (emphasis 
must be placed on the locality) and his 
landlady was shot dead. Dr. Hoelzel 
was responsible for the arrest of the 
culprits, and for the succeeding 10 days 
he was in a state of acute anxiety lest 
he might be shot by the revengeful 
accomplices of the gangsters. Normally 
Dr. Hoelzel’s fasting morning free gastric 
acidity varied between 0 and 0-13% (of 
HCl) ; on the morning of the shooting 
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Fig. 518. — ^Effect of Sudden Fear 
on Gastric Secretion and 
Vascularity of the Gastric 
Mucosa. (Wolf and Wolff, 


episode it was 0-26% and it remained J- Amer. med. Assoc., 1942 

above 0-17% during the period of anxiety. 

He then moved to what he believed 

was a safe place and his free gastric upper record: depth of colour (i.e. degree 

acidity fell to within his normal range. « percentage redness.** 

Peptic Ulcer.-Tke cause of peptic decreased 

ulcer IS unknown but it is probable secretion, 

that the acid and pepsin of the gastric 

juice are factors in initiating and maintaining the ulcer. The common 
sites of peptic ulcer are : (i) The first part of the duodenum {duodenal 

ulcer), (ii) In the stomach, usually on the lesser curvature a few inches 
from the pyloric sphincter (gastric ulcer). 

(i) Patients with duodenal ulcer are of a worrying conscientious disposition 
showing evidence of overactivity of the gastric vagi ; thus the stomach is 
hypermotile and empties rapidly ; a large volume of highly acid juice is 
secreted which is imperfectly neutralized giving a climbing t]^e of curve in 
the fractional test meal (Fig. 514, A) ; an excessive volume of highly acid juice 
is secreted at night. It is thought that the discharge of the very acid juice 
into the duodenum produces local damage before there is time for adequate 
neutralization to take place. A similar mechanism may be responsible for 
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ulcers in the neighbourhood of the stoma of a gastro-jejunal anastomosis 
(gastro-jejunal ulcer), 

(ii) In patients with gastric ulcer, the fractional test meal shows variable 
degrees of acidity and high levels may not be attained. It is probable however 
that these patients have periods of anxiety or other emotional states which 
stimulate the vagal mechanism leading to intense congestion and hyper- 
secretion ; actual hsemorrhage may take place and it is not unlikely that the 
potent gastric juice may digest and so further damage any abnormal area. It 
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Fig. 619. — Effects of Emotion on Gastric Secretory Response 
to Food. (Wolf and Wolff, J. Amer, med. Assoc,, 1942, 

120 ,) 

Observations on “ Tom *' (case of chronic gastric fistula). 

llecords from above downwards : Percentage redness of mucosa ; HCl 
secreted in c.c. of 0-lN HCl per 100 c.c. 

Left-hand figure : changes in HCl secreted and vascularity of gastric 
mucosa (indicated as percentage redness) in response to ingestion of 
30 c.c, of broth, with the subject in a normal emotional state. 

llight-hand figure : reduced secretory and vascular response when the 
subject was “ depressed with sadness and self-reproach.” 

is known that hypothalamic lesions, presumably by stimulating the vagi 
may lead to gastric haemorrhage, erosion or perforation. 

One of the main agents normally protecting the mucosa against the 
digestive action of the gastric acid and pepsin is the mucus. In the patient 
with the gastric fistula (“ Tom it could be shown that when the^ mucus 
was removed from a patch of gastric mucosa and a small injury inflicted, a 
localized ulcer resulted ; such injuries were harmless when the layer of 
mucus was intact. In predisposed subjects irritant constituents of the diet 
might perhaps similarly lead to ulceration.^ 

Because vagal overaction may be an important causal factor in peptic 
ulcer, vagotomy has been carried out on many patients. 

Eesxjlts of Vagotomy.^ — Both vagi are severed, usually where they 

^ Pain of peptic ulcer is discussed on p. 763. 

2 Cameron, Avacr, J, med. Sci., 1947, 214, 202 ; Moore et al., J, Amer, med. Assoc., 
1947, 133, 741 ; Walter et al., ibid., 1948, 136, 742. 
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lie on the surface of the lower part of the oesophagus. When the resection is 
completely performed no gastric secretion occurs in response to injection of 
insulin, the sight or taste of food, or emotional disturbances. The chemical 


phase of gastric secretion and the 
response to histamine are probably 
unaffected. In duodenal ulcer cases 
the volume and acidity of the night 
secretion are reported to be reduced ; 
if these observations are sub- 
stantiated they would indicate that 
reflex vagal secretion can occur 
even during sleep. Initially gastric 
tone and motihty are greatly 
diminished ; the emptying time of 
the stomach is increased from 2-3 
hours to 12-24: hours or longer. 
The patient complains of fullness, 
occasionally of nausea, and belches 
up large volumes of gas, often 
foul-smelling. If slight pyloric 
narrowing is present before the 
operation the weakened stomach 
movements resulting from vagotomy 
may lead to prolonged retention 
of the gastric contents. The empty- 
ing time of the gall-bladder is 
unaltered. Surprisingly, diarrhoea 
has been frequently noted (although 
the vagi are motor to the small 
intestine and proximal colon). 
Gastric motility is said to return 
to normal after about one year. 
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Fiq. 520. — ^Effects of Emotion on Gastric 
Motility and Blood Supply of Gastric 
Mucosa. (Wolf and Wolff, J, Amer, 
med. Assoc., 1942, 120.) 

Observations on " Tom " (case of chronic gastric 
fistula). 

Upper record : percentage redness of mucosa. 

Middle record : gastric acidity in c.c. of 0*1N HCl 
per 100 c.c. of gastric juice. 

Lower record : motility of stomach. 

In association with the feeling of hostility and 
resentment" there is an increase in gastric 
motility, increase in volume of HCl secreted, 
and increased vascularity of the gastric 
mucous membrane. 


The results of vagotomy prove 

that the vagi do not carry afferent fibres from the alimentary canal. 
After the operation the threshold for pain produced by distension (with 
a balloon) of oesophagus, stomach, duodenum, or small intestine is 
unchanged. The patient can vomit and experiences appetite, hunger, 
loss of appetite, fullness of the stomach, and pain due to an unhealed 


ulcer (p. 763). 

The clinical results in suitably selected cases have been encouraging. 


SECRETION AND FUNCTIONS OF PANCREATIC JUICE ^ 

The pancreas is a dual organ ; the externally secreting alveolar tissue 
forms pancreatic juice ; the islets of Langerhans (p. 909) form an internal 
secretion, insulin. 

Collection of Pancreatic Juice. — In animals the secretion may be 
Thomas, External Secretion of the Pancreas, Springfield, Dl., 1960. 
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collected in acute experiments by introducing a cannula into the pancreatic 
duct. A permanent pancreatic fistula is prepared by transferring the duct 
papilla with a portion of the surrounding duodenal mucous membrane to 
the surface of the abdominal wall. 

In man ^ pancreatic secretion has been studied in cases of pancreatic 
fistula, following some upper abdominal operation. More indirect informa- 
tion is obtained by aspirating the duodenal contents especially after injecting 
substances which stimulate pancreatic secretion.^ As the duodenal fluid is 
a mixture of pancreatic juice, bile, and succus entericus in varying proportions, 
the results must be interpreted critically. 

Composition op Pancreatic Juice. — Pure pancreatic juice is a colour- 
less, transparent, viscous fluid which is alkaline (^H 8*4) due to the presence 
of NaHCOs (0*3~b*65%). In man it is estimated that 500-1200 c.c. containing 
about 8 g. of NaCl are secreted in 24 hours. The juice contains proteins 
(of the albumin and globulin types) and three main enzymes, trypsin, lipase, 
and amylase. The juice which is secreted in response to vagus stimulation or 
injection of pancreozymin is viscid and rich in enzymes ; the juice produced 
by injection of secretin is more watery, highly alkaline in reaction, and poor 
in enzymes. Fig. 69 shows the ionic pattern of pancreatic juice. 

Functions of Pancreatic Juice. — (i) NaHCOg is present in such con- 
centration that it neutralizes the acid present in an approximately equal 
volume of gastric juice. The reaction of the small intestine is thus prevented 
from becoming excessively acid (cf. p. 862). 

(ii) Trypsin is a powerful proteolytic enzyme which acts best in an 
alkaline medium but retains its activity in a slightly acid medium ; it 
breaks down proteins to polypeptides and, given time, may liberate certain 
amino-acids, e.g. leucine, tyrosine ; it also curdles milk. Juice collected 
directly from the pancreatic duct (without coming into contact with the 
duodenal mucosa) is inactive, because it contains not trypsin, but a precursor 
called trypsinogen. The latter is activated by enterokinase, a constituent of 
the succus entericus. (Cf. thromboplastin, p. 142.) Other protein-hydrolysing 
enzymes, e.g. chymotrypsin (which mainly resembles trypsin in its action) 
and “ erepsin ’’ (p. 879) may also be present. 

(iii) Amylase converts all forms of starch rapidly into maltose (p. 835). 

(iv) Lipase splits neutral fats (triglycerides) to diglycerides, monoglycerides, 
and free fatty acids, and glycerol. Bile greatly increases the activity of the 
enzyme which may be secreted largely in the form of an inactive precursor 
(prolipase). 

Regulation of Pancreatic Secretion. — i. Nervous Phase. — There 
is a small continuous secretion of juice in the fasting animal ; the mechanism 
is unknown. Within a few minutes of taking food in the intact animal the 
flow of pancreatic juice is increased for 10-20 minutes. This response depends 
on reflex stimulation of the vagi (from the mouth). Similarly stimulation 
of the peripheral end of the cut vagus (using the technique described on 
p. 777) sets up a flow of enzyme-rich juice. This activity is accompanied by 
shrinkage of the gland cells and disappearance of the contained granules. 

2. Chemical Phase. — The introduction of certain substances, particularly 

1 M'Caughan, Senner and Sullivan ,Arch. ini. Med., 1938, 61, 739. 

^ A combined stomach and duodenal tube may be used (Riisoh) ; the gastric contents 
are aspirated by continuous suction to prevent them passing into the duodenum. 
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add, fat, and hile, into the stomach or intestine of experimental animals 
calls forth a further secretion of pancreatic juice. They all act only on coming 
into contact with the duodenal mucosa. 

(i) Add, — 0*5% HCl is very effective ; weaker solutions produce a smaller 
response. Secretion begins after a latent period of 2-3 minutes (Fig. 521), 
rapidly reaches its peak after 30 minutes, and goes on at a diminished rate 

for another hour. This so-called 

in response to acid) is highly 
alkaKne in reaction and has a 
lower enzyme content than 
vagus juice. 

(ii) Fat is as effective as 
weak acid. 

(iii) Bile, — The active princi- 
ple is the bile salt. There is a 
considerable degree of correlation 
under natural conditions be- 
tween the rate of inflow of 
bile into the intestine and the 
rate of pancreatic flow. 

There is no evidence, however, 
that either achylia gaatrica or 
exclusion of the bile from the 
intestine is associated with a 
decreased secretion of pancreatic 
juice. 

(iv) Water, even in large 
volumes, and irritants (pepper, 
mustard) are ineffective. Alkali 
inhibits pancreatic secretion. 

Mechanism op Chemical 
Phase. — The chemical phase is 
due to the release of one or more 
hormones {secretin, 2 >ancreozymin) 
from the intestinal mucosa into 
the portal blood ; they reach the 
pancreas via the systemic circula- 
tion ; nervous connections play 
no part in the reaction. The 
experimental proof is as follows : 

(i) The spinal cord and sympathetic ganglia in the abdomen are destroyed ; 
a loop of jejunum is isolated and its nerve supply is destroyed without 
interfering with the blood supply. The introduction of add into thej&junal loojp 
causes a flow of pancreatic juice. As all nervous connections between the 
loop and the pancreas are severed, and as intravenous injection of acid has 
no secretagogue action, the acid can only act by releasing a hormone into the 
circulation. 

(ii) A transplant of a jejunal loop is prepared ; the tail of the pancreas 
is also transplanted to the surface. New blood vessels grow into these com- 
pletely denervated transplants which function normally. The introduction 


juice (t,e, pancreatic juice secreted 



Fia. 621. — Chemical Phase of Pancreatic Secre- 
tion. (Data from Pavlov, Work of Digestive 
Glands,) 


Dog with pancreatic fistula. The volume of pancreatic 
juice secreted in the first hour after the introduction 
of other substances into the stomach was as follows : 

0*5% HCl 26 c.c. 

0*1% HCl 10 C.C, 

oil 10-13 C.C. 

red pepper 0 

mustard 0 

water 0 
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of an HCl solution into the isolated jejunum causes the denervated pancreas 
to secrete, 

(iii) Using cross-circulation methods the portal venous blood leaving the 
small intestine can be shown to contain a secretagogue substance which 
stimulates pancreatic secretion. 

The identity of the structures in the intestinal mucosa which form and 
release the hormones has not been determined. 

Secretin. — Secretin can be extracted from the mucosa of the duodenum 

(and to a less extent of the upper 
small intestine). It is a protein of 
low molecular weight (5000) re- 
sembling gastrin in its chemical 
properties. It produces a flow of 
watery, highly alkaline juice (Fig. 
522) which is almost devoid of 
enzymes ; no degranulation of the 
pancreatic cells takes place. It 
markedly increases the secretion of 
Brunner's glands of the duodenum ; 
the secretion of bile and of succus 
entericus is also increased. The 
blood pressure is unaffected by pure 
preparations. The action of secretin 
on the pancreas is greatest when it 
is injected intravenously ; given 
subcutaneously it has a more pro- 
longed but slower and feebler action ; 
it is ineffective by mouth. 

The action of secretin in man can 
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Fig. 522. — ^Action of Pyloric Extracts 

(= Gastrin), and Duodenal Extracts . n i . . 

(«Secretm) on Secretion of Gastric be studied by aspiratmg the duo- 
and Pancreatic Juice and the Flow of denal contents ; these are influenced 

by pancreatic activity, but consist 
1943, 1. 391 ). (Cf. Fig. 511.) J admkture of paa- 

Cat, Choralose. Vagi cut. 

P. : Pyloric extract (gastrin) : it increases the volume creatlC ]UlCe, DllC, and duodenal ]UlCe 

Du. (secretin) : It increaeee varying proportions imder differ- 

the flow of pancreatic juice and bile ; there is a ent ClTCUmstanceS.^ IntravenOUS 
Slight effect on gastric secretion. injection of secretin in man 

increases up to sixfold the volume of “ duodenal fluid " formed (Fig. 523) ; 
the bicarbonate concentration increases up to 6 or 7 times so that the total 
quantity of alkali secreted may be up to 40 times the resting value. The pR 
of the fluid is about 8-6. The concentration of all the pancreatic enzymes 
falls, proving that a fluid poor in enzymes is being formed ; the total amount 
of enzyme secreted in a given time is commonly increased (Fig. 524). The 
interpretation of the results is complicated because it is difficult to assess 
to what extent the changes recorded are influenced by a simultaneous 
increased flow of duodenal juice,^ 

^ Agren and LagerlSf, Act, med, scand,, 1936, 90, 1. Hammarsten, Agren and Lagerlol, 
AcL med, ecand,, 1937, 92, 266. Comfort and Osterberg. Arch, int, med, 1940, 66, 688. 

® Shoretin Test op Panobbaocio Frasronoiir. — On the whole this method of investiga- 
tion has yielded disappointing results. In cases of obstruction of the pancreatic duct 
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Pancreozymin,^ — Tliis substance which is also extracted from the upper 
small intestine produces on injection the same effects as vagal stimulation ; 
t.e. there is a flow of juice rich in enzymes, and degranulation of the pancreatic 
cells occurs. The action of the hormone is not annulled by atropine. 

The effects of vagal stimulation and of pancreozymin can be imitated 
in man by injection of a slowly acting acetylcholine-like substance, e,g, 
mecholyl. Injection of mecholyl (which acts at the vagal terminals) has a 
slight effect on the volume of duodenal fluid (Fig. 523), but produces a 
marked and prolonged increase in the output and concentration of all the 
pancreatic enzymes (by a direct effect on the pancreas) (Fig. 524). 

Influence op Diet on 
Pancreatic Secretion. — As 
the relative activity of the 
vagal, secretin, and pancreozymin 
mechanisms probably varies 
under different circumstances 
it is not surprising to find that 
the ingestion of different foods 
in animals produces a pancreatic 
juice which varies in volume and 
composition. Meat elicits a large 
volume of juice rich in alkali 
and poor in enzyme concentra- 
tion. Fat or milk produces a 
moderate volume of juice with a 
low alkali and high enzyme 
concentration. Bre^ produces 
an intermediate response (Fig. 

525). 

Control op Pancreatic 
Secretion in Man.^ — In a few 
clinical cases of pancreatic 

attempts were made to 'study the factors controlling pancreatic secretion 
in man. The flow was continuous but at a low level between meals ; it 
was markedly increased for about 3 hours by taking food (whether it was 
rich in protein, fat, or carbohydrate). 

Complete Extirpation of Pancreas in Man,® — This operation has been 
successfully performed in cases of malignant disease of the pancreas. The 
resulting diabetes mellitus is considered on p. 917. The absence of the ex- 
ternal secretion produces important digestive disturbances, leading to the 
loss of large amounts of fat and organic nitrogenous substances. The feces 



Fig. 623. — ^Effect of Secretin and of Mecholyl 
(= Vagal Stimulation) on Volume of Duodenal 
Contents in Man. (Comfort and Osterberg, 
Arch, int Med.^ 1940, 66, 693.) 


(e.gr. by calculus) secretin elicited a poor response, z.e. there was only a small increase in 
the volume of duodenal fluid. In most cases of chronic pancreatitis no deviation from the 
normal range was observed. In cancer of the pancreas there was a subnormal secretion 
of bicarbonate. 

^ Harper and Paper, J. Physiol,, 1943, 102, 116 ; Harper and Mackay, ibid,, 1948, 
107, 89. 

2 McCaughan et al,. Arch, int, Med,, 1938, 61, 739 ; Arch, Surg,, 1941, 43, 269. 

» Waugh et al,, Proc, Staff Mayo Clin,, 1946, 21, 26 ; Gaston, New Bngland J. Med,, 
1948, 238, 345. 
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are bulky, light in colour, soft, occasionally loose or watery, and sometimes 
foul ; one to three stools are passed daily. The weight of faecal 

solids is 80-120 g. per day, or about three times the normal (cf. p. 814). 

(i) On a daily fat intake of 100 g., 5-7 g. are normally lost in the faeces ; 
in an operated case on a daily fat intake of 70 and 100 g., 36 and 48 g. were 
lost in the faeces. 

The fat digestion (and absorption) that continues in the absence of 
pancreatic lipase is due to the action of gastric and intestinal lipase. 

The proportion of split to unsplit fat (i.e. fatty acid to triglyceride) in 
the fffices varies, but frequently the s-plit fat may constitute up to 80% of 




Fig. 524. — ^Effect of Secretin and of Meoholyl (= Vagal Stimulation) on Concentration and 
Total Output of Pancreatic AmyLsise in Man. (Comfort and Osterberg, Arch. inL 
Med., 1940, 66, 697.) 

Duodenal contents aspirated 

Vertical axis in A : cmcefntralion of amylase per c.c. of duodenal contents ; In B : total amylase in each 
10-minute sample. Amylase in arbitrary units. 

Mecholyl produces a more concentrated juice and a larger total secretion of enzyme than secretin. Fall of 
enzyme concentration (in A) and marked increase of total enzyme (in B) brought about by secretin 
indicates the secretion of a large volume of fluid. 

the total fat lost. This result is surprising in view of the poor absorption 
that is taking place ; it is attributed to the lipolytic action of bacteria in the 
colon ; these also continue to act on the fseces after they have been passed ; 
of course no fat absorption can take place in the large intestine. 

(ii) The normal amount of fecal nitrogen passed daily is 1*5 g. or less, 
corresponding to about 10 g. of protein (much of this represents the protein of 
the fecal bacteria). In an operated case on a daily protein intake of 100 g., 
4-8 g. of N were lost daily, corresponding to 25-60 g. of protein. Pancreatic 
proteolytic enzymes can then be partially but not wholly replaced by gastric 
pepsin and intestinal erepsin. 

(iii) The digestion and absorption of carbohydrate is normal ; thus 
pancreatic amylase can be wholly replaced by intestinal enzymes. 

(iv) The imperfect digestion and absorption of fat and protein may lead 
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to a loss of 20-35% of the ingested calories. The administration of pancreatic 
digestive extracts by month may halve the loss in the faeces. 

(v) In animals pancreatectomy is followed by the development of fatty 
liver (p. 868). 

No hepatic disturbances were noted however in these cases, in spite of 
the absence of the pancreatic lipotropic substances (p. 868) even in a patient 



Fig. 625.— Pancreatic Response to dibfferent Foodstuffs. (Data from Pavlov, Wor^ of 

Digestive Glands,) 

Experiments on dogs with pancreatic fistula. Curves show volume of pancreatic juice (c.c./hom) and 
concentration of pancreatic ensymes (in arbitrary units) in response to eating meat, bread, and milk. 

who refused to take lipotropins. But it is wise to administer extra lipotropins 
in the form of egg yolk, choline, and methionine ; extra calories should be 
given to make good the fraction lost in the f^ces. 

Similar observations have been made in children with congenital pancreatic 
deficiency (fibrocystic disease of the pancreas).^ 

1 In less severe pancreatic disease the digestive disturbances are correspondingly 
less marked. 
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SECEBTION AND FUNCTIONS OF SMALL INTESTINE ^ 

Methods. — To investigate the factors controlling the secretions of the 
small intestine in unansssthetized animals, a loop of intestine is separated and 
both free ends are sutured into the abdominal wall ; the continuity of the 
bowel is restored ; the secretion of the loop can be collected and studied. In 
man, the small intestine can be blocked in two places by means of balloons ; 
by suitable devices the intestinal contents above the proximal balloon or 
between the two balloons can be aspirated and examined.^ 

Duodenal Juice. — Brunner's glands are the distinctive histological 
feature of the duodenum ; they secrete an alkaline juice rich in mucus, 
resembling that formed by the structurally similar pyloric glands. Secretion 
is increased by vagus stimulation, injection of secretin (p. 792), or by perfusing 
the duodenal lumen with a dilute solution of HCl. Transplanted isolated 
duodenal loops are dry at rest, but secrete briskly after ingestion of food 
(which of course does not enter the loop) ; the response to food is partly under 
nervous and partly under hormonal control. 

Intestinal Juice. — Succus entericus (like duodenal juice) is an alkaline 
fluid (Fig. 59) containing mucus and two enzymes, enterokinase and amylase ; 
certain other important enzymes, which complete the digestion of the food- 
stuffs, are present in the lining cells of the intestine, namely : 

(i) Erepsin, a mixture of several specific enzymes, acts principally and 
rapidly on peptones and polypeptides, converting them into amino-acids (it 
can also break down caseinogen and other proteins slowly) ; other enzymes 
complete the breakdown of nucleic acid via nucleotides and nucleosides to 
liberate purine and pyrimidine bases (p. 879). 

(ii) Invertase converts cane sugar into glucose and fructose ; maltose breaks 
down maltose into two molecules of glucose ; lactase converts lactose into 
glucose and galactose (p. 835). 

(lii) Enterokinase (mainly found in duodenal juice) activates pancreatic 
trypsinogen (p. 790) ; certain constituents of intestinal juice increase the 
activity of pancreatic amylase and lipase. 

(iv) Lipase, 

As with duodenal juice, a flow of intestinal juice follows a meal ; it is slight 
during the first 2 hours, but shows a marked increase in the third hour ; it is 
most marked at the upper end of the gut. The control is mainly chemical and 
only slightly vagal in origin. 

Mechanical stimulation of the intestinal mucous membrane increases the 
volume and total enzyme output of the small intestine. Colicky intestinal 
contractions and ingestion of water, glucose, egg, and milk, produce similar 
results. Local irritants increase the volume of fluid and mucus secreted. 
Histamine has a very slight effect. 

Absorption in the Intestine, — Almost complete absorption of the products 
of digestion and of other materials {e,g, water, salts, vitamins, hsematinic 
principle) normally occurs in the small intestine. The mechanism of absorp- 
tion of the different substances is considered on p. 863 (fat), p. 836 (carbo- 
hydrate), p. 879 (protein), p. 151 (vitamin-jBL), p. 997 (calcium), p. 208 (iron). 

1 Florey, Wright, and Jennings, Physiol, Bev., 1941, 21, 36. 
s* Owles, Clin, 3ci,, 1937, 3, 1, 11, 21. 
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Jejuno-Ileal Insufficiency,-— (i) Excision of tke small intestine must 
be very extensive before it interferes significantly with digestion or absorp- 
tion. Thus in one patient almost the whole of the small intestine was 
resected (for regional ileitis), leaving only the wpper three feet. Carbohydrate 
absorption was 99% complete, 70% of the ingested protein was absorbed, 
but fat absorption showed very wide variations. Thus when 97 g. were 
ingested only 5 g. were absorbed ; when 200 g. were eaten, 80 g. were absorbed; 
the respective losses in the faeces were thus 92 and 120 g. The lost fat was 
excreted mainly as fatty acid (cf. p. 794). Calcium absorption was greatly 
decreased owing to the formation of insoluble calcium soaps ; the serum 
Ca fell with resulting attacks of tetany. The tetany was controlled by 
cutting down the fat intake and increasing the carbohydrate and giving large 
amounts of Ca and Vitamin-Z). 

(ii) More severe disturbances result from gastrocolic fistula, where much 
of the food completely short-circuits the small intestine by passing directly 
from the stomach into the transverse colon. In such patients, in addition 
to the changes described, there may also be failure of absorption of hsematinic 
principle (resulting ha pernicious anaemia), and of vitamins (leading to complex 
multiple vitamin deficiencies). 

(hi) Jejuno-ileal insufficiency also occurs in sjprue and other obscure 
derangements of the small intestine. 

R^uced ahsor'ption of foodstuffs from the small intestine may be due to 
(i) insufficient intake ; (h) inadequate digestion from lack of pancreatic or 
other juices ; (hi) lack of materials necessary to promote absorption, e.g. 
bile salts ; (iv) abnormal state of the wall of the small intestine ; (v) in- 
adequate length of available small intestine, e.g. after extensive resections or 
fistula formation. 


THE BILE 1 

Bile is alkaline and contains the ions found in extracellular fluid (Fig. 59). 
The principal organic constituents of bile are : (i) Bile pigments ; (h) Bile 
salts ; (in) Cholesterol and lecithin. The origin and significance of each is 
discussed below. 

Bile can be collected from the common bile duct or from the gall-bladder. 
The organic constituents in gall bladder bile are present in much higher 
concentration (6-10 times) than in duct bile ; mudn is also present. 

Bile Pigments. (Fig. 104, p. 189). — The bile pigments are Uliruhin and 
hiliverdin. Bilirubin is formed by the scattered macrophages from the 
haemoglobin of destroyed red blood cells. It circulates in the blood stream 
and is excreted by the liver cells from the vascular capillaries into the bile 
channels. Biliverdin is formed in the bile passages as an oxidation product 
of bilirubin. The bile pigments serve no digestive purpose. They are partly 
excreted in the faeces and urine (of. pp. 188 et seq.). 

Bile Salts. — The bile salts are probably formed in the liver ; they consist 
of sodium glycocholate and sodium taurocholate. The bile salts, by their 
hydrotropic action (p. 863), may help to keep the cholesterol of the bile in 
solution. 


’ Whipple, Phytioi . Etv ., 1922, 2 . 446. 
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Cholic acid is a steroid whicli is formed in the body from cholesterol 
(Fig. 526). Glycine (of glycocholic acid) is present in food proteins and is also 
readily formed in the body. Taurine, CH2(NH2).CH2S02.0H (of taurochohc 
acid), is a sulphur-containing substance which is derived from the cystine 
present in the food or in J;he body proteins (p. 882). There are about equal 
amounts of the taurocholate and the glycocholate in human bile. During 
fasting, the supply of taurine is limited, and this lowers the taurocholate 
formed to a minimum. 

Inplubnce of Diet — During fasting there is a uniform low excretion of 
bile salts. It is further lowered by ingestion of a carbohydrate-rich diet. It 
is raised to a maximum by protein-rich diets. On a normal diet there are 
great variations day by day, depending on the amount of meat and starch 
which are present in the food, 

E6le in Intestine. — The bile salts increase non-specifically the digestive 
action of all the pancreatic enzymes — amylase, trypsin, and especially hpase. 
In the various ways which are detailed on p. 863 the bile salts promote the 
absorption both of neutral fat and fatty acids. When the common bile 
duct is obstructed, 25-75% of the fat intake is lost in the fseces, mainly in the 
form of fatty acids. The bile salts also promote the absorption of the fat- 
soluble vitamins -A (and carotene), -D, and ~K (cf. p. 151), and possibly of 
secretin. 

Circulation op Bile Salts. — The bile salts are reabsorbed from the 
intestine, are carried back to the liver, and are then re-excreted in the bile. 
The evidence is as follows : 

(i) No bile salts appear in the faeces, though a trace of a decomposition 
product of cholic acid (dyslysin) is found. 

(ii) If the bile duct is brought up to the surface in a dog and the bile 
collected, there occurs during fasting a uniform minimal excretion of bile salts, 
proving that they can be formed constantly in the body. If bile salts are then 
given by the mouth they are quantitatively eliminated from the fistula in 
6 hours. 

When the bile salts reach the liver they stimulate it to secrete more bile 
(p. 800), i.e, they are cholagogues. 

As bile salts can be formed in the body and are always returned to the 
liver from the small intestine for re-excretion in the bile, there must be some 
method of preventing them from accumulating in excessive amounts. The 
nature of the regulatory mechanism is unknown. 

Cholesterol. — Cholesterol is a steroid; its chemical structure is set 
out in Fig, 526. The main facts about its metabolism will be summarized 
here : 

Sources. — The chief sources of cholesterol in the food are yolk of eggs, 
liver, kidney, brain, and fats (cream, butter, and meat fat). 

Distribution. — It is widely distributed in most of the cells of the body, 
either as free cholesterol or combined with fatty acids to form cholesterol 
esters (cholesterides) ; it is usually found together with lecithin. It is 
probably a constituent of all cell membranes ; it is found in the red cells, and 
large amounts are present in the ovaries, the adrenal cortex, and the grey 
matter of the nervous system, especially the brain. Most of the cholesterol 
derived from cellular ^sintegration is retained in the body and is not 
eliminated. 
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Effects of Ingestion. — Cholesterol taken in the food is mainly absorbed 
into the intestinal lymphatics. Some is passed in the fasces after being reduced 
by intestinal bacteria to coprosterol. 

The cholesterol of the bile may be an excretion from the blood, for in 
general the concentration in the bile varies with that in the blood. A Hpide- 
free diet may be associated with a low bile cholesterol level ; but excess 
feeding with cholesterol produces only slight changes in the amount of 
cholesterol in the bile. 

Synthesis. — Cholesterol can be synthesized in the body as proved by 
the fact that the output may exceed the intake over periods of time by as 
much as 0*3 g. daily. Liver slices readily synthesize cholesterol at a rate 
which should be sufficient to supply all the body requirements ; tracer 
experiments prove that most of the 27 C atoms of cholesterol come directly 
from “ acetic acid units ” (p. 873).^ Though the liver is the main site, other 
tissues (but not brain or nerve) may also synthesize cholesterol normally. 




Eig. 526. — Structure of ChoKo Acid and Cholesterol. 

For full structure of steroid nucleus, see Fig. 662. The projecting lines 
at Cjo, 0^3, represent an attached CHg group. Single bonds indicate that 
the C atom is saturated with H atoms. 

Blood Cholesteeol. — The normal level is 150-250 mg-%. It is equally 
distributed between the plasma and the corpuscles ; one-third is present as 
free cholesterol, and the remaining two-thirds as cholesterol esters (choles- 
terides). The ingestion of food rich in cholesterol over a period of time raises 
the blood cholesterol, but following single meals the changes in the blood in 
man are variable. 

Functions. — Cholesterol is the immediate precursor of cholic acid and of 
progesterone ; it is the probable precursor of the cestrogens and the adrenal 
corticoids. 

Pregnancy. — ^Up to the thirtieth week there is a progressive rise in the 
free cholesterol and a corresponding decrease in the ester cholesterol to qidte 
low values ; the blood returns to normal soon after the puerperium. 

In Disease. — The blood cholesterol is said to be low in all forms of chronic 
ancsmia and during acute infectious diseases. It is regularly and markedly 
raised in cases of thyroid deficiency (Fig. 623) and decreased in hyperthyroidism 
(pp. 984, 991). Some increase may occur in severe cases of diabetes mellitits. 
In nephrosis with extensive oedema, the blood cholesterol i^ commonly 
raised, even to 1200 mg-% (p. 114). A patient with gallstones who is not 
jaundiced shows no alteration in the blood cholesterol, so no help in diagnosis 

1 Bloch et al, J. biol Chem., 1950, 183, 33 ; Eecent Prog, Eormone Res,, 1951, 6, 111. 
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can be obtained from such determinations. On the other hand, jaundice of 
the chronic obstructive type from any cause is associated with a high blood 
cholesterol (250-700 mg-%), because the constituents of the bile are passed 
back into the blood. If the bile is allowed to escape from the body through 
a fistula, the cholesterol esters in the plasma may almost completely disappear. 

Secretion of Bile. — In an animal (or man) with a fistulous opening 
into the gall-bladder and the common bile duct tied, it can be shown that the 
secretion of bile by the liver is a continuous process. Bile is secreted at a 
low pressure ; consequently its flow can be readily obstructed. The total 
volume of bile formed in man is 500-1000 c.c. in 24 hours. Its rate of secretion 
is modified by the following factors : 

(i) About the third hour after the ingestion of food there is an increase 
in the volume of bile secreted ; there is a slight decrease in the flow at night. 

(ii) Injection of secretin and stimulation of the vagus nerve have an 
exciter effect on bile secretion. 

(iii) The most powerful cholagogue is whole bile or its active principle, 
the bile acids. If 8-12 g. taurocholic acid are ingested, there is an increase, for 
24-48 hours, in the volume of bile which is secreted ; the ingested acid can be 
recovered quantitatively from the bile. Glycocholic acid acts less powerfully. 

(iv) Experimental procedures, e,g. puUmg on the gastro-hepatic omentum 
or opening and closing the abdomen, reflexly decrease the volume of bile 
secreted ; the administration of an ansesthetic has the same effect. 

The results of complete bihary obstruction are fully considered on 
p. 804. 

Functions of the Gall-Bladder. — The gall-bladder is a thin-walled 
structure ; in man its maximum capacity is about 50 c.c. of bile. As mentioned 
above, the organic constituents in gall-bladder bile are present in 6-10 times 
the concentration found in the bile in the hepatic ducts owing to the absorption 
of isotonic saline by the mucous membrane. The valves of Heister [spira 
valve] at the junction of the gall-bladder and the cystic duct do not resist 
to any significant extent the flow of bile in or out of the gall-bladder. The 
terminal part of the common bile duct joins the pancreatic duct in the 
ampulla of Vater which opens at the apex of the duodenal papilla (Fig. 527) ; 
the termination of the common bile duct is controlled by the so-called sphincter 
of Oddi. 

Flow and Storage of Bile. — (i) During fasting period the tone of the 
sphincter of Oddi rises so that it can resist a pressure of 30 cm. of bile. The 
liver goes on secreting bile steadily ; when the pressure in the distended bile 
ducts rises to about 7 cm., bile begins to flow into the gall-bladder, where it is 
stored until it is needed during the next meal. Although the gall-bladder can 
only hold a small volume of fluid, it can store the organic content of a large 
volume of liver bile, because 50 c.c. of bladder bile represent the organic 
content of 300-600 c.c. of liver bile. In this way the gall-bladder acts as a 
very effective reservoir in spite of its small capacity and prevents the pressure 
in the bile passages from rising excessively. 

(ii) During periods of digestion the sphincter of Oddi partially relaxes and 
now yields at a pressure of about 10 cm. of bile ; at the same time the gall- 
bladder contracts. The pressure in the bile-duct system may rise in con- 
sequence to 20 cm. ; bile is consequently discharged in a gush into the 
duodenum. 
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(iii) If the bile ducts are obstructed the pressure in the bile passages in 
the liver may rise finally to 30 cm., at which point reabsorption of bile into 
the blood takes place. 

Movements of the Gall-Bladder.^ — These can be studied in animals 
as follows : The gall-bladder is exposed, emptied of bile, and filled with an 
iodized oil which is opaque to X-rays ; alternatively the clinical method of 
cholecystography may be employed (p. 802). The following observations can 
be made radiographically : 

(i) Adrenaline or sympathetic stimulation produces a powerful contraction 
of the gall-bladder ; but stimulation of the vagus, injection of secretin, or the 
introduction of HCl into the duodenum has no effect. 

(ii) Bile salts increase the size of the gall-bladder shadow, owing to 
increased secretion of bile by the liver. 



Fig. 627. — Anatomy of Biliary Tract (Barclay, Digestive Tract, 
Cambridge.) 


(iii) As each wave of peristalsis in the duodenum is preceded by a wave of 
relaxation, it has been thought that the alternate relaxation and contraction 
of the muscle round the termination of the common bile duct nught “ milk 
the bile into the bowel. This is not the case, however, for active peristalsis 
may take place in the intestine without the gall-bladder being emptied. 

(iv) Respiratory movements are unimportant, because all the intra- 
abdominal structures are uniformly compressed. 

(v) Effect of Food , — The most effective stimulus to contraction is the 
presence of large amounts of fat in the intestine (particularly egg yolk), and 
to a less extent of protein. Expulsion of the oil from the gall-bladder begins 
in 5-30 minutes, and continues until the organ is emptied after 2-5 hours. 
The rapidity with which the gall-bladder commences to contract after inges- 
tion of fat is surprising. The same results are obtained after tying the lacteals 
or division of the vagi and of the sympathetic nerves to the gall-bladder, 
indicating that some substance enters the blood stream from the bowel and, 
causes contraction of the gall-bladder. The presence of certain foods in the 

> Try. Pw.. 19.U. 14 , 1. 
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bowel thus not only increases the volume of bile secreted by the liver (p. 800), 
but also causes partial or complete emptying of the gall-bladder, bile thus 
being provided in the small intestine to assist the digestive processes. 

(vi) Cholecystohinin?' — Acid extracts of the mucosa of the small intestine 
contain a substance, cholecystohinin, which produces contraction of the gall- 
bladder (Fig. 528). Ivy claims that cholecystokinin is normally formed and 
absorbed into the blood stream during intestinal digestion and acts on the 
gall-bladder. 

(vii) Except in response to the presence of large amounts of fat in the 
bowel, the gall-bladder does not usually empty itself completely, but fills 
slowly and empties irregularly ; this is shown by the fact that on a normal 
mixed diet, dyestuffs introduced into the gall-bladder are still found there 
after 1--3 days, but not after 7 days. 

Cholecystography. — The biliary system in man can be examined 
radiographically by Graham’s method. When tetraiodo- or tetrabrom- 
phenolphthalein is injected intravenously or ingested it is excreted by the liver 



Fig. 628. — ^Action of Cholecystokinin on Gall-Bladder Contraction. (Ivy, MediciTie, 1932.) 

Eecord of gall-bladder movemente. At point A on base-line an intravenous injection of cholecystokinin 
>vas noade. The gall-bladder immediately contracted. There was no change in the volume of 
the liver or in the blood pressure. 


from the blood ; it passes into the gaU-bladder, where the dye is sufficiently 
concentrated by the absorption of saline to become opaque to X-rays. The 
size, shape, and behaviour of the gaU-bladder can be studied radiographically. 
The dye which is present in the Ever and the bile ducts is too dilute to oast 
a shadow. It is safer to administer the dye by the mouth in formolized 
gelatin capsules ; when given intravenously, toxic symptoms may be pro- 
duced ; given subcutaneously, local necrosis results. Using this technique 
it can be shown that fat and, to a less extent, protein taken by mouth cause 
rapid emptymg of the gall-bladder in 3-8 hours. (Figs. 529 and 530 show 
the effect of ingesting egg yolk ; cf. also p. 801.) 

Cholecystography is employed in the diagnosis of gall-bladder disease. 
If the dyestuff is absorbed from the bowel and yet no shadow of the gall- 
bladder is obtained, we can conclude that the cystic duct is obstructed or the 
gaU-bladder is sclerosed, or that the gaU-bladder wall because of disease 
cannot concentrate the contained bile in the normal way. 

Effect of Magnesimn Sulphate. Drainage of Biliary Passages. — It is 
claimed by Meltzer that certain salts cause relaxation of the sphincter of 
Oddi and tonic contraction of the gaU-bladder. Lyon has made use of this 
observation : a tube is passed into the duodenum, a 33% solution of magnesium 
sulphate is introduced, and the bile is collected at intervals. The £a:st samples 
are light yellow, and come from the common bile duct ; then follows darker 
and more viscid bile from the gall-bladder ; and, finally, light thin bile of 
1 Ivy, Medicine, 1932, 11, 34»6. 
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low specific gravity, and containing only traces of cholesterol, is obtained 
from the hepatic ducts. This technique can be employed to drain the bihary 
passage or to collect bile for bacteriological and microscopical investigation. 

It must be pointed out, however, that magnesium sulphate given by 
mouth is probably equally effective ; that, studied radiologically, the Lyon 
technique does not cause powerful contraction of the gall-bladder ; and that 
it seems more reasonable to give fat, which is known to empty the gaU-bladder. 
Warm olive oil introduced into the duodenum is a more reliable stimulus 
to gall-bladder contraction. 



Fig. 529. — Outlines of Human 
Choleoystograms, about one- 
half life-size. (Boyden, 
Anat, Bec.f 1926.) 


Fig. 630. — ^Effect on Volume of Human 
Gall-Bladder of a Meal of Five Egg 
Yolks mixed with Water. (Boyden, 
Anat. Bee., 1928, 40.) 


A: gall-bladder 17 hours after in- 
gestion of tetra-iodo-phenolph- 
thalein(vol.=4 eu. ins.). B : the 
same gall-bladder If hours after 
a meal of 4 egg yolks and f pint 
of cream fvol. *=0*22 cu. ins.). At 
ISO minutes the gall-bladder was 
completely emptied, and could 
no longer be seen radiograph- 
ically. 


Ordinate: volume of gall-bladder. Abscissa: 
time in minutes. During the period (10 
minutes) indicated by the bracketed arrows, 
A, the subject smelt a dish of hot fried 
bacon. The volume of the gall-bladder 
increased. At 0, he ingested 5 egg yolks. 
Note in this case that the volume of the 
gall-bladder decreases markedly in 2 minutes. 
The eggs begin to enter the duodenum within 
1 minute of swallowing. 


Removal of the Gall-Bladder. — This operation gives rise in man to 
disadvantageous consequences : 

(i) The bile ducts become dilated to accommodate to some extent the bile 
which is continuously secreted by the liver. 

(ii) If the tone of the sphincter of Oddi is high, the pressure in the biliary 
passages rises until it may equal or exceed the secretory pressure of the liver 
cells and thus interfere with their activity. 

(iii) If the tone of the sphincter is low (as it often is for a time after 
cholecystectomy), bile dribbles into the intestine when it is not needed and 
is consequently wasted. 

The importance of the reservoir action of the gall-bladder is illustrated by 
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the following experiment. If the common bile duct is tied, and the gall- 
bladder removed, jaundice appears in 3-6 hours ; but if the gall-bladder is 
left it can store so much bile pigment newly secreted by the hver that (after 
tying the bile duct) jaxmdice does not develop for 36-48 hours. The rise in 
retained plasma bilirubin is similarly more marked and more rapid in the 
animal deprived of its gall-bladder (Fig. 531). 

Results of Complete Biliary Obstruction. — Complete obstruction of 
the bile ducts produces results which are due to : 

(1) Absence of bile from the bowel. This leads to impaired digestion 
and reduced absorption of fats and corresponding changes in the faeces 
(p. 798) ; reduced absorption of vitamin-Z leading to a fall of plasma pro- 



Ordlnate : plasma bilirubin in Van den Bergb units. At 0 in both animals tie coBomon bile duct. 

In the eaqperiment illustrated by the upper curve (A) the gall-bladder was also removed. Note 
the more rapid rise of plasma bilirubin in A than in B, owing to loss of storage function of 
gall-bladder. 

thrombin and haemorrhages (p. 151) ; defective haemoglobin formation and 
anaemia of obscuxe origin ; reduced absorption of fat-soluble vitamins-4 
(and carotene) and -jD. 

(2) The effects on the body cells of retention of bile in the blood and tissue 
fluids. 

The retention of bile leads to jaundice (p. 191), loss of appetite, and injury 
to the gastric mucosa ; peptic ulcers (usually duodenal) develop frequently, 
and rnay be responsible for death from haemorrhage or perforation. The heart 
rate is slowed. The blood level of all the organic bile constituents (bile 
pigments, bile salts, and cholesterol) is increased ; bile pigments and bile 
salts appear in the urine. 

(3) The injury to the liver resulting from biliary obstruction. 

The hver varies in size, is stained with bile pigment and is smooth and 
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firm. The bile canaliculi are dilated, the hepatic cells are atrophied (mainly 
round the portal canals) and there is connective tissue overgrowth. The 
impairment of liver functions leads to the signs of pa/renchymal failure which 
are detailed on p. 829. 

The composition of the diet markedly influences the clinical state. In 
animals on a carbohydrate-rich diet, life may be prolonged for a year or more ; 
an exclusively meat diet may, however, prove fatal within one week. It is 
pointed out on p. 828, that a high glycogen content protects the liver cells 
against the harroful effects of various toxic agents. 

Bile Fistula. — complete bile fistula (in which all the bile is passed 
through an artificial opening to the exterior) results in loss of bile from the 
body with the results summarized on p. 804, (1) ; there is progressive impair- 
ment of bile secretion by the hver. There is no compression of the liver 
cells and therefore no pa/renchymal failure. The usual results of loss of water 
and electrolytes occur (if these are not replaced). 


MECHANICS OP ALIMENTAEY CANAL ^ 

The movements of the alimentary canal in man are best studied by means 
of X-rays after the ingestion of a meal which contains opaque barium salts. 

Swallowing. — This occurs in three stages ; the first stage is voluntary ^ 
the other two are reflexly produced. 

(1) After mastication, the food is rolled into a bolus, which lies in the curve 
of the tongue. Swallowing commences by voluntary contraction of the mylo- 
hyoid muscles, which throw the bolus back between the pillars of the fauces on 
to the post-pharyngeal wall. This region of the pharynx has a rich sensory 
innervation from the glossopharyngeal nerves ; when the local nerve endings 
(and also those in the soft palate and epiglottis) are stimulated, afferent 
impulses are set up which reflexly (via the so-called deglutition centre in 
the medulla) produce the complex coordinated movements occurring in the 
involuntary phases of swallowing. 

(2) The soft palate is elevated and thrown against the post-pharyngeal wall 
to close off the nasal cavity. The larynx rises with the elevation of the hyoid, 
and the pharynx is practically obliterated. The vocal cords are approximated, 
and breathing is momentarily inhibited. The posterior pillars of the fauces 
approximate to shut off the mouth cavity. The pharynx reopens to permit 
the passage of the bolus ; the epiglottis guards the laryngeal opening, until 
the bolus reaches the oesophagus which simultaneously opens up to receive 
it. Aspiration of the food into the larynx is also prevented by the associated 
reflex apnoea. 

(3) The bolus is then propelled along the oesophagus by peristaltic waves 
in its muscle coat. Gravity plays little part in this process, as the rate of 
progress along the oesophagus is not affected by posture ; it is as rapid in 
the supine as in the erect position. 

The swallowing reflex is temporarily abolished by ansssthetising the 
pharynx with cocaine ; it is deranged by lesions of the medulla oblongata 

1 Alvarez, Mechanism of the Digestive Tract, 2nd edn., New York, 1928 ; IrUrodnction 
io Oastroenterology, 1939. Barclay, The Digestive Traci (Badiologieal Study), 2nd edn., 
Cambridge, 1936. 
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or of the ninth and tenth nerves. Pood may then regurgitate into the 
nose or be aspirated into the larynx. 

Cardiac Sphincter, — The last inch or more of the oesophagus, including 
the whole of the abdominal portion, is sphincteric in its action. The muscle 
coat is here thicker, and prominent longitudinal rugae of the mucous membrane 
are visible. When swallowing is not occurring, the sphincter is usually 
in a state of tone and its walls are tightly in apposition; sometimes it is 
patulous (relaxed) at rest. 

Within 6 or 6 seconds of swallowing, the bolus reaches the lower end 
of the oesophagus, where its progress may be momentarily arrested by the 
resistance of the sphincter if it is closed. The sphincter then relaxes, but 
its lumen may still remain considerably narrower than that of the rest of the 
oesophagus, so that food trickles slowly into the stomach. 

When the whole of the meal has been eaten, the cardia usually closes, thus 
preventing the regurgitation of food, gastric juice, and swallowed air, which 
would otherwise occur because of the positive intragastric pressure. In- 
creased acidity of the gastric contents is alleged to cause closure of the cardia ; 
the same effect is produced by a rise of intragastric pressure. 

Innervation of CEsoehaous.^ — The upper third of the oesophagus is 
lined by a striated muscle coat, the lower two-thirds by non-striatm muscle. 
The vagi supply the whole oesophagus including the cardiac sphincter ; the 
sympathetic probably acts on the sphincter only. The effects of section of 
the vagi on oesophageal movements have been carefully studied in the dog. 
If the right vagus is out below the origin of the recurrent laryngeal (which 
is alleged to supply the striated upper third of the oesophagus) and the left 
vagus is cut in the neck, the lower two-thirds of the oesophagus become 
dilated and peristalsis ceases ; the tone of the ca/rdiac sphincter is generally 
reduced. The food tends to accumulate in the paralysed region ; if the animal 
is placed in the erect position the raised hydrostatic pressure may force some 
food into the stomach. Sometimes a further swallow bulges the oesophagus, 
some food enters the stomach and may be pushed back again so that some 
of the contents impinge on the pharynx setting up reflex vomiting. From 
time to time the seemingly paralysed oesophagus contracts as a whole, vomiting 
resulting. When vagotomy is performed below the level of the hilum of the 
lungs the lower quarter of the oesophagus becomes paralysed. 

Section of the sympathetic in the dog does not significantly affect the 
activity of the oesophagus ; sphincter tone is unaffected. 

These observations prove that peristalsis along the (esophagus depends 
on the integrity of the extrinsic nerves, the vagi (preganglionic fibres). The 
excitor neurones (corresponding to Auerbach*s plexus) cannot mediate 
peristalsis. The denervated oesophagus can however contract, presumably 
in response to local distension. The sympathetic has no effect on oesophageal 
movements. In the dog the vagi contain both motor and inhibitory fibres to 
the cardiac sphincter, the former predominating ; the sympathetic control is 
unimportant. The state of the oesophagus after vagotomy in the dog closely 
resembles that found in human cardiospasm (p. 815). 

Reverse peristalsis may occur in the oesophagus, and is responsible in part 
for belching and acid regurgitation into the pharynx. 

If the intragastric pressure is excessively raised by rapid air-swallowing 
1 Mann et aL, Amer, J. PhysioL, 1947, 149, 429. 
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{aerophagy) or by the evolution of CO^ from ingested NaHOOg, the resistance 
of the cardiac sphincter may he overcome, and gas is expelled by the mouth. 

Nature of Peristalsis. — Bayliss and Starling denned true peristalsis 
as a coordinated reaction in which a wave of contraction preceded by a wave 
of relaxation passed down a hollow viscus ; the contents oi the viscus as they 
are propelled along would thus always enter a segment which had actively 
relaxed and enlarged to receive them. This type of movement was thought 
to be responsible for transferring the contents of the alimentary canal from 
the oesophagus through the stomach, small and large intestine, and finally to 
the anus. Later work, especially by Alvarez, makes it improbable that a wave 
of relaxation regularly precedes the wave of contraction. It is necessary also 
to explain why the wave of contraction travels normally caudaUy rather than 
towards the mouth — ^in other words, why there is a sort of “ law of forward 
conduction ’’ in the bowel. No satisfactory reason has been discovered, though 
much is written about a normal forward “ gradient ” in the bowel, i,e. some 
inherent condition of the bowel neuromusculature which “ directs ” the 
peristaltic waves in the normal direction. If a portion of small intestine is 
excised, the two ends reversed and the continuity of the bowel restored by 
sutures, it acts as an obstruction because peristaltic waves cannot be trans- 
mitted along it. Fluids may stiU be drawn through, but solids cannot pass, 
with the result that a block occurs at the proximal junction. 

The passage of peristaltic waves along the oesophagus depends on the 
continuity of the preganglionic vagal nerve supply but not on the integrity 
of the muscle coat (p. 806). It is claimed that if the oesophageal w^ is 
divided and the superficial nerve plexus is left intact, the peristaltic wave 
can still pass normally over the oesophagus. 

In the stomach and intestines, however, peristalsis can occur in the absence 
of extrinsic nervous influences (preganglionic vagus or pre- and postganglionic 
sympathetic) though it is modified by the activity of these nerves. Thus 
gastric tone and motility are im’tially decreased by vagotomy in man (p. 789). 
After section of the vagi and destruction of the abdominal ganglia of the 
sympathetic in animals, intestinal peristalsis continues normally for months. 
Normal gastric and intestinal peristalsis is attributed to a series of coordinated 
local nervous reflexes (involving possibly Auerbach’s plexus) in response to the 
chemical and mechanical stimulation set up by the food. 

Isolated strips of intestine suspended in a bath of warm oxygenated 
Ringer’s solution carry out rhythmic movements (though these are probably 
not identical with true peristalsis) ; they still occur in such isolated strips 
after they have been deprived of their intrinsic nerve plexuses. 

Movements of the Stomach.^ — ^Areangement oe Musculature. — The 
part of the stomach to the left of the incisura angularis is the body, and that 
to the right the pyloric part ; the part of the body above the level of the 
cardiac orifice is the fundus. The pyloric part is divided into the pyloric 
antrum or vestibule, and the pyloric canal. Functionally the first part of the 
duodenum (duodenal bulb or cap) is associated with the jjyloric part. 

The stomach has an outer longitudinal and an inner circular coat ; 
between the mucous membrane and the circular coat is an additional in- 
complete but well-developed muscular layer which runs from the oesophagus 
down either side of the lesser curvature and then spreads out in a fan-like 

^ Hnrat. Medical Essays and Addresses, Londoxi, 1924 ; Brit, med, J ., 1925, i, 146 
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Innervation. — Stimulation of the vagi produces variable effects on 
stomach ; contraction is obtained when ^^ . , === 0 = = ^ ^ ^ 
the initial tone is low, and relaxation if the 
initial tone is high ; sometimes mixed effects 
maybe seen, e,g, contraction of one part of 
the stomach and relaxation of another. In 
man the vagi exert a continuous stimulating 
influence on gastric tone and movements as 
shown by the effects of vagotomy (p. 789). 

Gastric Tone. — The stomach displays 
postural activity or tone. When it is empty 
its walls are firmly in apposition. When food 
enters the stomach, the muscle fibres are 
elongated to enlarge the size of the cavity 
uniformly in order to accommodate the 
new contents, without much change of 
internal pressure (cf. p. 768). With an 
opaque meal of average composition, the 
stomach assumes varying shapes. Most 
commonly it is J-shaped (Fig. 532) ; the body 
forms a vertical tube and the pyloric part 
forms a horizontal or slightly ascending 
segment which is turned to the right. 

Sometimes the stomach is shaped like a 
steerhorn ; the gastric axis is more oblique, 
and the pylorus is almost the lowest point 
on the lesser curvature (Fig, 533). Fig. 534 
shows a small stomach, often inaccurately 
called a ‘‘ hypertonic ” stomach. Fig. 535 
illustrates a long stomach, often inaccurately 
called a ‘‘ dropped ’’ stomach. Both these 
two extremes are within the range of the 
normal. Variations in gastric tone are easily 
produced reflexly, leading to considerable ^ . . ...k,. 

changes in the position of the lower border 
of the stomach, e.g. by slamming a door 
during the X-ray examination. The normal 
tonic activity of the stomach wall not only 
^ps its content but also opposes the 
influence of gravity ; as filling occurs the 
stomach expands almost wholly laterally, 








Fig. 536. — ^Passage of Fluid Meal into a FuU 
Stomach, (Barclay, Digestive Tract, Cambridge.) 


A. Normal stomach which contains ordinary non-opaque 
food ; the crescentic air-space at the top alone is seen. 

B. A watery suspension of barium is given. This flows 
through and around the non-opaque food, giving a vell- 
Uke appearance, 

0 . The opaque food settles out and lies at tiie bottom of the 
stomach. 
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Foods pass through the stomach to the pyloric antrum roughly in the 
order in which they are swallowed ; but if a heavier food succeeds a 
lighter, it ainha in the stomach contents till it finds its own level. This 
fact is well illustrated in Fig. 536. A watery suspension of barium is seen 
entering a stomach containing ordinary food. The heavy material sinks 
gradually and finally settles as an opaque mass in the most dependent part 
of the stomach (Fig. 536, C). . , . . 

GtASTbic Movements. — Peristaltic waves begin high up on the body of the 
stomach and follow one another about three times a minute ; they pass 
rapidly towards the pylorus which at this stage is tonically contracted. The 
waves are normally gentle and not very deep \ they resemble the waves of a 
quiet sea rather than breakers beating on the rocks.” There is no general 
vigorous churning-up of the food with the gastric secretions ; the surface of 
the stomach is merely moulded. The peristaltic indentations become deeper 
as they approach the pylorus (see Fig. 532), but do not pass beyond it into 
the duodenum. 

The behaviour of the pyloric sphincter is variable. Five to fifteen minutes 
after the taking of food it begins to relax occasionally to permit a small 
volume of chyme to escape ; generally such relaxation occurs when a wave of 
contraction involves the pyloric antrum. When the stomach has emptied to 
some extent, the sphincter may also relax between the peristaltic waves. 
Food may pass through the pylorus in the absence of gastric peristaltic waves, 
presumably when the steady pressure in the stomach exceeds that in the 
duodenum. Conversely, if the intraduodenal pressure exceeds that in the 
stomach, or if anti-peristaltic waves occur in the duodenum, intestinal con- 
tents may regurgitate into the stomach (cf. p. 782). 

The mechanism controlling the pylorus is unknown. According to Barclay, 
if the small intestine is emptying rapidly, the pylorus opens more readily ; 
on the other hand, if the small intestine becomes overloaded, the pylorus 
closes and gastric peristalsis is inhibited. The presence of acid in the stomach 
or duodenum does not regulate the activity of the pyloric sphincter. In 
achylia gastrica, in which condition no free HCl is present in the stomach, 
the organ empties itself, as a rule, with excessive rapidity, and the pyloric 
sphincter tends to be patulous; but a hypermotile rapidly emptying 
stomach may also be one which is secreting large amounts of acid (p. 787). 

With a meal of gruel the stomach is usually empty in about 2| hours 
(Fig. 514). With the heavier and more solid barium meal, the stomach should 
be completely empty within 6 hours at the longest. Fat in the food (probably 
by releasing enterogastrone) has an inhibitory effect on gastric motility 
(p. 780). The influence of the emotional state on gastric motility is considered 

on p. 786. , . 

The fasting stomach shows rhythmic variations in tone, which mcrease 
and then diminish the pressure within the organ ; these occur at the rate of 
three a minute. At intervals a series of powerful contractions occur which 
last about 30 seconds, and are associated with the appearance of the sensation 
of hunger {hunger pains)?- These changes can be demonstrated by introducmg 
into the stomach, via the oesophagus, a rubber balloon coated on the inside 
with barium paste ; both graphic and X-ray records of the stomach move- 
ments can thus be obtained. It is uncertain whether the sensation of hunger 
^ Carlson, Hunger in Health and DUeasCf Chicago, 191C. Barclay, Lancet, 1922, ii, 261. 
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is caused by these strong gastric contractions. A distinction should also be 
drawn between hunger and appetite. 

Vomiting.^ — The phenomena of vomiting are as follows : Nausea is first 
experienced, the secretion of saliva is increased, and the breathing becomes 
deep, rapid, and irregular. Retching may occur, which consists of simultaneous 
incoordmated spasmodic contractions of the respiratory muscles ; the 
diaphragm, for example, descends when the expiratory muscles contract. 
The glottis closes and remains shut till the expulsion of the vomited material 
is effected. The pyloric part contracts firmly, and at the same time the body 
of the stomach relaxes so that the gastric contents are forced into it ; anti- 
peristalsis may sometimes take place in the stomach, but it is unimportant. 
The flaccid stomach is compressed by the raised intra-abdominal pressure 
resulting from the simultaneous descent of the diaphragm and the contraction 
of the abdominal wall. The cardiac sphincter is inhibited and the gastric 
contents are therefore driven into the dilated oesophagus. Some of this 
material is at once expelled from the mouth ; some is moved up and down 
the oesophagus. Towards the end of the act of vomiting, the diaphragm 
relaxes, t.e. ascends, and all the expiratory muscles and the abdominal wall 
contract. As the glottis is closed the intrapulmonary pressure becomes 
positive. The oesophagus is thus compressed ; it may also actively contract 
throughout its length or a wave of anti-peristalsis may pass over it ; its 
contents are thus emptied into the mouth. The palate is raised to shut off 
the nasal cavity from the throat. 

The complex series of movements which occur during vomiting are 
controlled by a group of nerve cells, in close relation to the vagal nucleus, 
called the vomiting cerUre. In the dog it is situated just cranial to the 
calamus sciiptorius. It is close to, but distinct from, the respiratory centre. 
If this centre is damaged, the injection of apomorphine (which is a “ central ’’ 
emetic) no longer induces vomiting. Afferent impulses to produce vomiting 
may arise in the stomach and other parts of the gastro-intestinal tract, 
vestibular apparatus, heart, and other organs. Certain drugs and poisons make 
the centre more sensitive, so that the normal impulses which reach it are 
sufficient to cause vomiting. In partial asphyxia, and when the intracranial 
pressure is raised, the vomiting centre is stimulated. 

Movements of the Small Intestine, — In the first part of the duodenum 
the food forms a definite shadow, filling it out into a triangular cooked-hat 
shape, known to radiologists as the duodenal cap or bulb (Fig. 532). The 
shadow remains in this position while food is present in the stomach ; no 
peristalsis occurs in this segment and its shape is often unchanged for long 
periods. It may empty occasionally by means of a general contraction which, 
if the pylorus is closed, pushes the food into the second part of the duo- 
denum. Beyond the cap very active intestinal movements take place. 
It is difficult to see radiographically in man what is going on, but beyond 
the sharp, well-defined shadow of the first part of the duodenum there is an 
ill-defined and very diffuse outline indicating that the meal has been rapidly 
broken up and hurried round the duodenal loop into the jejunum. This 
fragmentation is perhaps brought about by active contraction of the muscle 
fibres in the mucous membrane. Anti-peristalsis is occasionally observed, in 
the duodenum. Beyond the duodenojejunal flexure only a cloudy opacity 
^ Hatcher, Physiol. Bev.^ 1924, 4, 479. 
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is seen till the meal arrives at the ileo-csecal sphincter about three and a halj 
hours after it began to leave the stomach. 

In animal experiments two kinds of intestinal movements can be recog- 
nized : peristalsis and segmentation?- 

Peristalsis. — The chyme is passed along the small intestine by a series 
of frequent and very rapid peristaltic waves which carry it on a few inches 
at a time. Each wave lasts about a second, and is followed by a quiescent 
period of a few seconds to a few minutes. 

Segmentation. — A length of small intestine becomes divided by a 
series of constrictions into a number of small segments which are ballooned at 
the centre. Each segment is then divided in its middle (i.e. at the point of 
maximum distension), and the previous constrictions disappear. This process 
occurs about six times a minute. Segmentation causes no forward movement 
of the intestinal contents ; it helps to mix the chyme with the intestinal juices, 
and so aids digestion ; by bringing the chyme into intimate contact with the 
villi it aids absorption. It helps to squeeze blood and lymph out of the 
bowel, and so aids their return to the thorax. [For movements of vilU^ see 
p. 865.] 

The vagi end in Auerbach’s plexus, which lies between the circular and 
longitudinal muscle coats (Fig. 447). Stimulation of the vagi increases the 
tone of the intestine and renders the movements more active (after an initial 
temporary inhibition). Stimulation of the sympathetic diminishes tone and 
arrests the peristaltic movements. 

The intestinal movements may be influenced by the duetless glands ; thus 
diarrhoea is a common symptom of exophthalmic goitre, and constipation of 
myxoedema. 

Ileo-Caecal Sphincter [Valvula coli]. — This consists of the fusion of the 
circular and longitudinal fibres at the end of the ileum and in the adjoining 
csecum ; in addition, some independent specialized circular fibres are de- 
veloped at the apex. On inspection in cases of csecal fistula the sphincter 
appears as a smooth scarlet elliptical or hemispherical papilla about 1*8 cm. 
in diameter, which projects 1 cm. above the pink folded mucosa of the caecum. 
The orifice is normally closed, and forms a dimple in the centre of the papilla. 
Each time a peristaltic wave passes over the terminal part of the ileum, the 
sphincter relaxes, about 2 c.c. of fluid faeces mixed with a little gas escape 
and then the sphincter closes again.^ 

In man, the main function of the sphincter is to prevent the contents of 
the ileum from passing too rapidly into the caecum ; thus an opaque meal 
may be visible in the terminal ileum for about one hour before any appreciable 
quantity enters the caecum. This delay promotes more complete digestion 
and absorption of the intestinal contents ; as a result the chyme which enters 
the caecum contains very little nutrient material. 

Peristaltic waves over the terminal ileum are generally infrequent, but 
when food enters the stomach a gastro-ileal reflex is set up, which produces 
active peristalsis at the extreme end of the ileum ; the chyme rapidly passes 

1 If the abdomen of an animal is opened in a bath of warm saline, swaying or pendidum 
movements of the intestine can also be seen. 

® In animals, section of the symijathetic causes j^ermanent relaxation of the sphincter, 
and the contents of large and small intestine intermingle fireely. Stimulation of the vagus 
is said to have no effect on the sphincter. 
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into the caecum. In man, anti-peristalsis in the ascending colon is 
feeble, and so there is little tendency for faeces to regurgitate into the 
ileum. The sphincter, however, is not capable of resisting considerable 
pressures. When a barium enema is administered at a pressure of 18 inches 
H 2 O, or when powerful retrograde movements occur in the large bowel 
because of some mechanical obstruction, regurgitation into the ileum takes 
place. 

Movements of Large Intestine. — As stated, the chyme reaches the 
terminal ileum hours after a meal, and is held up there for about 1 hour. 
The barium shadow can be first 


seen in the various parts of the 
large intestine the following 
number of hours (on an average) 
after a meal : Csecum, after 
hours ; hepatic flexure, 6 hours ; 
splenic flexure, 9 hours ; descend- 
ing colon, 11 hours ; iliac colon, 
12 hours ; pelvic colon, 18 hours 
(Fig. 537). 

The caecum and ascending 
colon are almost entirely passive, 
and fill solely as a result of 
activity in the ileum, which 
occurs mainly during and immedi- 
ately after meals. As a rule, the 
contents of these parts of the 
large bowel appear immobile, 
but the lumen is indented by 
well-marked folds (haustrations) of 
the intestinal wall ; weak peri- 
staltic movements may occur. 
In animals retrograde waves 
{anti-peristalsis) occur periodically 
which force the contents of the 
proximal colon towards the 
csecum ; such movements have 



Fig. 637 — ^Normal Radiograph of Large Intes> 
tine Particnlarly Well Ffiled from End to End. 
(Barclay, Digestive Tract, Cambridge) 

X Indicates the position of the umbilicus. 


occasionally been detected in man 

arising near the hepatic flexure, but they are both rare and feeble. 

Rhythmic variations of tone occur from time to time over all parts of 
the large intestine. They do not propel the contents onwards, but serve to 
mix them and aid absorption of water. 

The colonic movements are more sluggish by night than by day. 

Mass Peristalsis. — After each meal a gastro-coUc reflex is set up. A 


brief, powerful peristalsis occurs in the colon, which constricts down, and its 
contents are driven vigorously onwards. By means of large forward move- 
ments of this type, the faeces reach the splenic flexure, then the descending 
colon, and finally the pelvic colon, where they accumulate. The faeces do not 
normally pass beyond the pelvi-rectal flexure — i.e. the point where the 
movable pelvic colon joins the fixed rectum at an acute angle. It is uncertain 
whether a definite sphincter exists here, but local thicke n i ng of the 
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circular muscle fibres is described, and narrowing of tbe lumen is present at 
this point in 80% of bodies. Tbe normal rectum is empty, except immediately 
before defecation. 

About 350 g. of fluid cbyme passes through the ileo-caecal sphincter daily 
(as observed in cases of caecal fistula). The average weight of the moist faeces 
is 135 g. Most of the absorption of water occurs in the caecum and ascending 
colon, the contents of which are quite soft ; little absorption occurs in the 
transverse or descending colon. The normal consistency of the feces is due to 
further absorption of water which occurs in the pelvic colon. 

Defaecation. — The act of defecation is very much a matter of habit or 
conditioning as regards time of day, relation to meals, and the frequency of 
occurrence. Some people defecate before breakfast, others after ; some on 
getting to work because they had to leave home hurriedly ; some in the even- 
ing when they can attend to their needs at leisure ; some several times a day, 
others once in several days. A person may refrain from defecating because 
he feels shy in a strange house or because the act is painful owing to the 
presence of, e.g, an anal fissure. And there are the people who are anxious 
to defecate whenever possible because they think it is good for them. When- 
ever the time, the place, and the appropriate stimulus are all together, a 
wave of peristalsis is reflexly set up which reaches the distal part of the large 
intestine. The obstruction which is presented by the pelvi-rectal flexure 
is overcome, the sphincter presumably relaxes, and the feces enter the rectum. 
Distension of the rectum by the sudden entry of feces gives rise to a perineal 
sensation, and the desire to defecate. If this desire is acceded to, a co- 
ordinated reflex results which empties not only the rectum, but every part 
of the bowel between the middle of the transverse colon and the anus. The 
diaphragm descends, the glottis is closed, and the abdominal muscles and 
levator ani contract. Waves of peristalsis pass over the distal part of the 
colon ; the sphincter ani is relaxed and the feces are evacuated through the 
narrow anal canal. 

The sympathetic inhibits the whole of the large intestine and closes the 
sphincter ani. The parasympathetic innervation is motor and relaxes the 
sphincter ani. The vagus supplies the proximal colon or caecum, the sacral 
autonomic supplies the distal colon and rectum.^ 

Functions of the Labge Intestine. — The large intestine secretes 
mucus which facilitates the easy passage of the feces. It passes on the 
unabsorbed fraction of ingested iron, calcium, and phosphate (pp, 208, 999). 
Absorption of water, salt, and glucose occur in the large intestine. 

The Faeces. — The feces are derived partly jfeom the ingested food, but 
mainly from the intestinal secretions. The faeces in starving animals are 
decreased in bulk but differ comparatively little in composition from those 
of normally fed animals. If vegetables and coarsely ground cereals are 
excluded from the diet, the feces have a fairly constant composition, i.e. 
water, 65% ; solid material, 35% (weight of dried feces is about 30-50 g.) 
made up approximately as follows : ash, 15% ; ether-soluble substances, 
15% ; nitrogen, 5%. 

The ash consists mainly of compound of calcium, phosphate, iron, and 

^ The motility of the large mtestine, its vascularity and the rate of mucus secretion 
are readily modified by the emotional state (see Grace, Wolf, and Wolff, The Human 
Cohn, N.Y., 1961. 
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magnesium. The ethereal extract consists of fatty acids, neutral fat, a little 
lecithin, traces of cholic acid, its decomposition product dyslysin, and 
coprosterol, (derived from cholesterol). The fssces contain many desquamated 
epithelial cells and bacteriaj most of which are dead. On a fat intake of 100 g. 
daily not more than 5~7 g. are normally lost in the fseces ; on a protein intake 
of 100 g. the faecal N content should not exceed 1*5 g. (corresponding to 10 g. 
of protein). 

Ingested cellulose passes out unchanged, and substances which are 
enclosed in a cellulose wall escape digestion and absorption. The increased 
bulk of this undigested residue stimulates intestinal peristalsis. The passage 
of the food through the bowel is therefore quickened, and the digestive 
ferments have insufficient time to exert their fuU action (see Table, infra) : 


Diet. 

Moist Faeces. 

g* 

Dried Fseces. 

g* 

Percentage 
of Ingested 
Food. 

Nitrogen Lost. 

g- 

Bread from fine fiour . 

133 

25 

40 

2'1 

Bread from coarse flour 

252 

41 

6*6 

3*2 

Brown bread 

317 

76 

120 

3*8 


As the cellulose content of the food is increased by coarser milling of the 
flour, the bulk of the faeces is increased. They contain more water and solids ; 
more of the ingested food is undigested and more food nitrogen is lost to the 
body. 

The alterations in the composition of faeces in pancreatic disease and 
biliary obstruction are described on pp. 794, 798. 


DISORDERS OF MOVEMENTS OF ALIMENTARY CANAL 

Cabdiospasm. — In this condition ingested food is held up at the lower 
end of the oesophagus owing to the presence there of a “ block ’’ of undeter- 
mined character. Above the “ block ” the oesophagus becomes distended 
(Fig. 538) and its muscle coat hypertrophies. When the contents of the 
oesophagus form a column 8 inches high, the ‘‘ block ” is overcome, and any 
excess food or drink above this height enters the stomach. 

The “ block ” has been attributed to spasm of the cardiac sphincter 
{cardiospasm), but in fact sphincter tone is not excessive. Alternatively it 
has been suggested that the cardiac sphincter forms an obstruction because 
it fails to relax normally (achalasia) during swallowing. The anatomical 
lesion in cardiospasm is said to be local degeneration of Auerbach’s plexus. 
Such a lesion would produce cardiospasm only if the vagi were uihihitoiy to 
the sphincter, which is probably not the case. The passage of peristaltic 
waves over the oesophagus depends on the integrity of the vagi. Vagal 
denervation of the lower end of the oesophagus would prevent the passage 
of the peristaltic wave and so set up a non-conducting area which would 
constitute a functional “ block.” (Esophageal paralysis of this type is 
produced in dogs by appropriate vagal section (p. 806) (cf. Hirschsprung’s 
disease p. (816). 
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Gastric Motility in Disease. — Stimulation of any afferent visceral 
nerve increases the contraction of the pylorus and prevents its proper relaxa- 
tion. A gastric ulcer situated near the pylorus, disease of the gall-hladder, and 
chronic a'p'pendidtis may all act in the same way, and reflexly via the sym- 
pathetic nerves prevent pyloric relaxation and delay the emptying of the 
stomach. The musculature of the stomach in cases of duodenal ulcer is 


generally overactive so that initially the organ tends to empty itself rapidly. 

Hypertrophic pyloric stenosis is a condition which occurs in young infants, 
usually boys, in whom for some unknown reason the pyloric sphincter is in 
a state of persistent spasm. This overactivity leads to hypertrophy of the 

sphincter. Compensatory hyper- 
trophy of the stomach wall 
develops in order to overcome the 
obstacle. The passage of the peri- 
staltic waves over the stomach may 
be visible through the abdominal 
wall. 

Ileal Stasis. — Reflex spasm of 
the ileo-colic sphincter may be set 
up by an inflamed appendix and 
thus cause delayed emptying of the 
ileum. 

Hirschsprung's Disease.^Iu 
this condition, which affects young 
children, there is degeneration of 
the cells of Auerbach's plexus in the 
region of the pelvi-rectal junction ; 
sometimes a greater length of colon 
may be involved. It is supposed that 
the denervated region fails to trans- 
mit the peristaltic wave and so 
constitutes a functional “ block " 
(cf. p. 815). The colon above the 
Fia. 538. — (Esophagus in Cardiospasm. block " (i*e, the non-conducting 
{Barclay, Digestive Tract, Cambridge.) region) becomes greatly distended. 

Note the immense ^laution of the oesophagus as There is marked constipation, great 
shown radiographically after an opaque meal, it . it, . i r* 

abdominal distension, and attacks of 



complete intestinal obstruction may occur. Excision of the affected 
segment of the colon has yielded satisfactory results. 

Constipation. 2 — Two main varieties are recognized : 

(1) Colic Constipation. — The passage of the fseces through some part of 
the colon is delayed, but the act of defaecation is normal, 

(2) Dyschezia, — In this condition the faeces arrive normally at the pelvic 
colon, but their final evacuation is not adequately performed. If the call 
to defaecation is neglected, the rectal wall relaxes and the desire passes off. 
The rectum becomes in time excessively distended (Fig. 539), the contractility 
of its walls is impaired, and evacuation becomes difldcult even when a great 
effort is made. Fragmentary defaecation may take place, i.e. small amounts 


^ Bodian et oZ., Laricet, 1949, i, 6. 

* Hurst. Cnnitipat*on and Jilted Jntutinal Dieordtre^ London, 2nd sdn., 1919. 
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are passed, but much faeces are left behind in the rectum to continue distend- 
ing it. 

Results of Constipation.^ — It is still uncertain how the symptoms of 
constipation are produced. A once popular theory was that of intestinal 
auto-intoxication, i.e. that poisons are elaborated in the digestive tract as a 
result of constipation, and are absorbed through the mucous membrane and 
injure the individual. Critical examination of the evidence lends little 
support to this view. Probably most of the symptoms of constipation are 
produced mechanically. Experiments were performed on healthy men who 
normally emptied their bowels once or twice daily. They ate an ordinary 
liberal diet and withheld from defsecation for 90 hours. Each subject 
developed the symptoms which are regarded as characteristic of ‘‘ auto- 
intoxication,” i,e, foul breath, 
furred tongue, impaired appetite, 
flatulence, nausea, loss of power 
of attention, depression, rest- 
lessness, headache, insomnia, 
and irritability. A barium meal 
showed that the ileum was empty 
and that all the food remnants 
had accumulated in the colon. 

There was little increase in the 
urinary indican excretion. An 
enema was then administered 
and the bowel evacuated; the 
distress was promptly relieved, 
and in an hour or two the sub- 
jects felt quite normal again. 

The symptoms complained of 
could obviously not have been 
due to toxic absorption; had 
‘‘ toxaemia ” been the cause, a longer time would have had to elapse after 
evacuation of the bowel before the concentration of toxin in the body could 
fall sufl&ciently to produce relief. As Alvarez points out, “ a drunken man is 
not immediately sobered when his whisky bottle is taken from him.” The 
symptoms of constipation are largely due to tbe distension and mechanical 
irritation of the rectum. Masses of cotton wool packed into the rectum produce 
identical effects. 

It must be remembered that the rectum is very sensitive. A rise of 
internal pressure of 2-3 mm. Hg is perceptible, and a rise of 20—60 mm. 
Hg causes much distress. Afferent impulses from the bowel, as is well known, 
can easily influence the emotions and the mental processes — e,g. the occur- 
rence of sleepiness after a meal, or of irritability and lack of concentration 
when hungry. A patient with a jejunal fistula always went to sleep if the 
intestine was made to contract actively by the introduction of a small 
balloon. 

The type of patient who is the subject of so-called “ auto-intoxication ” is 
usually keenly aware of what goes on in his body and responds strongly to 
visceral stimuli. Patients of a stolid type may go for weeks or months without 
^ Alvarfc, PKytiiol. Rev., 1924. 4. 352. 



Fig. 639. — Distended Rectal Ampulla seen 
Radiographically in a case of Dyschezia. 
(Barclay, Digestive Tract, Cambridge.) 
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passing a motion and be able to eat well and do a good day’s work. A case 
is recorded of a man who went from June 18, 1900, to June 21, 1901, without 
a motion. Towards the end of that time he belched a good deal and sufiered 
from some pain ; the abdomen was distended ; he felt weak and lost some 
weight. After the colon had been cleaned out (a none-too-simple procedure 
in this patient) he recovered rapidly.^ 


THE LIVER 2 

Structure of the Liver. — The liver consists of lobes which are sub- 
divided into lobules. The lobule is made up of ramifying columns of hepatic 
cells (Fig. 54:2) ; the cell outlines are often indistinct so that the columns 
form a syncytium. The portal vein, hepatic artery, and bile ducts, surrounded 
by a connective tissue capsule enter the liver and branch repeatedly in the 
substance of the organ ^ (Fig. 540). The portal vein divides into branches, the 



Fig. 640. — Diagram showing Vascular Arrangements in 
Liver Lobule. 

Portal v^in branches are shown black : P, large branch ; Mp^ 
medium-size branches ; Iv., interlobular veins surrounding 
lobules. 

Hepatic vein branches are shown hatched : 0, central (inifra- 
lobular) vein draining the lobule ; Int., Col.^ successively 
larger branches carrying blood away &om the liver. 

White area, L, L, liver lobules penetrated by vascular 
capillaries. 


interlobular veins, which surround the lobules ; from these vessels blood 
passes between the liver cells in vascular capillaries to reach the centre of the 
lobule where it drains into the intralobular branches of the hepatic vein. 
The hepatic artery likewise divides into branches which accompany those of 
the portal vein between the lobules ; ultimately the hepatic artery blood also 

^ The following anecdote serves as a useful contrast to the foregoing case and shows 
the wide range of variation in normal people with respect to their afimentary habits. 
A friend complimented a scholar on his nealthy appearance, saying : “ Your face is like 
that of pig-rearers and usurers.” The scholar replied ; “ On my i'aith, both occupations 
are forbidden me; but there are twenty-four privies from my lodging-place to the 
house of study, and whenever I go there I test myself in all of them.” 

* Himsworth, Lectures on the Liver and, its Diseases, 2nd edn,, Oxford, 1960. Liohtman, 
Diseases of the Liver, QaUbladder and Bile Ducts, 2Tid edn,, TiOndon, 1949. 

* Daniel and Prichard, J. Physiol., 1961, lid, 621. 
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enters tlie vascular capillaries, where it mixes with the blood from the portal 
vein. The vascular capillaries have no specific endothelial lining but ramify 
between the hepatic cells which constitute their walls (Figs. 541, 542). The 
intimate contact between the blood and the liver cells is weU demonstrated 
by injection experiments ; the injection material often penetrates from the 
vascular capillaries into the interior of the liver cells. This is an ideal arrange- 
ment, as the liver has to transform, or modify, many of the constituents of 
the blood. At intervals along the vascular capillaries are the stellate cells of 
Kupffer (Fig. 542) which are part of the macrophage or reticulo-endothelial 

V.C. 



v.c. 


B.C. 


Fio. 541. — Arrangement of Vascular and Bile Capillaries in the Liver. 
(Schaffer, Lehrhuoh der Hiatologie.) 

B.C. -bile capillaries (thin dark channels). 

V.C. —vascular capillaries (wider, fainter channels). 

N. —nuclei of hepatic cells. 

Drawn ftom a specimen in which both the blood vessels and the bile passages 
had been injected. The two networks are quite distinct and separate. 


system (p. 187). They vary in number in different species ; in man there 
are few. 

Bile is formed in tiny vacuoles in the interior of the hepatic cells and is 
discharged through fine canaliculi into the bile capillaries (Fig. 541, B.C.). 
These (like the vascular capillaries) have no specific endothelium, but ramify 
between, and are lined by, the liver cells. Fig, 541 shows how there is always 
hepatic ceU tissue between the fine bile capillaries and the much wider 
vascular capillaries, so that normally the blood and the bile are kept apart 
and never mix. The hepatic cells are well placed to transfer materials from the 
blood into the bile. At the periphery of the lobule the hepatic cells becomes 
continuous with, and transformed into, the cubical cells linin g the hile ducts, 

Stbeamline Flow in the Pobtal Vein.— The portal vein is formed 
by the union of the splenic and superior mesenteric veins ; it can be shown 
by injecting Indian ink into these veins, that the two entering currents of 
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blood remain fairly distinct in the portal vein ; the splenic blood thus passes 
mainly to the left lobes and the intestinal blood mainly to the right lobes of 
the liver. The right lobes consequently receive directly a larger share of the 
absorbed foodstuffs. The blood flow through the liver in man has been 
estimated to be about 1*5 L per minute.^ 

Og Supply of the Liver. — The Og saturation of the blood in the 
hepatic artery is at the usual arterial level of 95% ; in the portal vein (cat) 
it is about 50% (i.e. lower than the resting mixed venous blood level) ; in 
the blood leaving the liver in the hepatic vein it is only 20%. The Og 



Fig* 642. Section of Liver showing Hepatic Cells, Sinusoids, and Macro- 
phages. (Maximow and Bloom, Text Booh of Histology^ W. B. 
Saunders.) 

Liver of rabbit injected intravenously with Indian ink, which is taken up by the macro- 
phages. Zc, liver cell ; Erc,y erythrocyte in lumen of sinusoid ; Ele.^ eosinophil 
leucocyte; a, b, c, d, macrophages (stellate cells of Kupffer) in various stages of 
activity c, d, macrophages laden with Indian ink. 


tension in the vascular capillaries at the centre of the lobule is thus much lower 
than in resting tissues elsewhere. The portal vein brings far more blood to 
jthe liver than the hepatic artery ; in the cat the ratio is 4 : 1. The ratio of 
Og supplied to the liver cells by the portal vein and hepatic artery (in the 
cat) is 5 : 3 (8 c.c. of Og in all per 100 c.c. of hepatic blood flow). 

As the Og supply of the cells in the centre of the lobule {centralolular 
cells) is only jmt adequate, any condition which reduces it (or calls for an 
increase in the Og supply) is liable to cause great damage to these cells. 

1 Bradley et cU,, J, din. Invesiig.^ 1946, 24, 890. 
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Causes op Hepatic Anoxia. — Centralobular damage or necrosis resulting 
from an inadequate Og supply to the liver may occur in the following 
conditions : 

(i) Diminished blood flow through the liver, e,g, (a) when the cardiac 
output is decreased (in “ shock,” haemorrhage, heart failure) ; or (6) in 
partial obstruction of the portal vein or of the hepatic artery. 

(ii) Breathing air containing Og at a lowered tension {e.g, at high altitudes). 

(iii) When the metabolism of the liver is raised^ e.g. in hyperthyroidism ; 
the Og needs of the Kver are increased and the previously adequate Og supply 
becomes insufficient. Hepatic insufficiency is frequently found in hyper- 
thyroidism (p. 991). 



Fig. 543. — ^Diagram of Liver Structure. (Modified from Merkel 
and Jordan.) 


Four adjacent liver cells are shown. 

V.C. — vascular caplUaxy. B.C.— bile capillary. Nuc. -nucleus of Uvei cell, 

k.— Kupffer ceU. V.—blle vacuole in liver ceU. 

I.V.C.— appearance of Injected vascular capillary, showing how injection material 
penetrates into the substance of the liver ceU. ^ 

Note how both the vascular and the bile oapUlaries are surrounded by liver cells. 


(iv) When the liver cells become swollen ; as a result the vascular capil- 
laries are compressed and obstructed so that the blood supply of the centra- 
lobular cells is reduced. Swelling (oedema) of the hepatic ce^ is a regular 
initial effect of any injury to the liver ; this explains why poisons absorbed 
from the intestine produce lesions which are usually most marked not at the 
periphery but in the centre of the lobule, in spite of the fact that the peripheral 
cells receive the highest concentration of the poison via the portal radicles. 
Swelling of the hepatic cells associated with centralobular necrosis also occurs 
when the cells become extensively laden with fat (so-caUed fatty liver or fatly 

infiltration, p. 867). ^ i i • 

Blood Storage in the Liver. — The calibre of the^ hepatic vascular 
capillaries may vary considerably during life ; the capillaries thus serve as a 
storage area for blood which can be discharged when necessary into the 
general circulation (of. spleen, p. 226). 
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Portal Obstruction. — This may occur in a variety of circumstances : 

(i) (a) Ligature of one branch of the portal vein produces atrophy in the 
corresponding ischaemic area of the liver; the hepatic cells almost completely 
disappear, but the bile ducts, blood vessels, Kupffer cells, and connective 
tissue are more resistant, and survive. The unaffected lobes (which are still 
normally vascularized) undergo compensatory hypertrophy, up to five times 
their original weight. 

(6) Ligature of the main portal vein in animals produces marked atrophy 
of the liver ; if part of the liver is then excised no regeneration of the remaining 
tissue takes place (p. 826). 

(c) Occlusion or narrowing of the main portal vein or of one of its branches 
may also occur clinically. 

(ii) Obstruction to the portal flow is a common initial result of serious 
hepatic injury (hepatitis) owing to oedema of the cells. Later when hepatic 
cells die they are replaced by fibrous tissue which contracts down and 
obliterates the contained blood vessels ; the more extensive the fibrosed area, 
the more severe is the resulting interference with the portal venous flow. 

Clinical Results of Poktal Obstruction from any Cause.— The 
main results are as follows : 

(i) There is a rise of portal vein presswe ; direct measurements at operation 
in normal man give values of 15^22 cm. HgO (compared with 5-12 cm. 
HgO in the ankle veins) ; in hepatic fibrosis (so-called cirrhosis of the liver), 
the portal venous pressure may be as high as iO cm. HgO. 

(ii) Ascites (an abnormal accumulation of fluid in the peritoneal cavity) 
develops. The factors which contribute to the production of ascites are as 
follows : 

(а) Owing to the raised pressure in the portal vein there is a corre- 
sponding rise of capillary blood pressure in the abdominal viscera leading to an 
excessive outflow of fluid into the peritoneal cavity (p. 18). 

(б) In many patients with portal obstruction the hepatic cells are also 
damaged leading to a fall of serum albumin concentration ; this further 
facilitates the escape of fluid from the capillaries. The protein content of the 
ascitic fluid varies widely, e.g, from 0-1 to 3*8% ; this finding indicates that 
the permeability of the capillary wall to protein may be increased to a variable 
degree. 

Ascites may develop in cases with disease of the liver parenchyma even 
without much rise of portal pressure if the plasma protein concentration is 
markedly reduced, e,g, to about half normal. Fig. 544 shows that the greater 
the fall in serum albumin the more likely is ascites to develop. Blood 
transfusion may cause removal of the ascitic fluid presumably because it 
raises the plasma protein level. 

(c) For some unknown reason ascites may be induced by a diet rich in 
meat ; the fluid is absorbed when meat is excluded from the diet. The 
noxious agent in meat is not its protein content, because protein-free meat- 
extracts are even more effective in producing ascites than is an equivalent 
amount of whole meat, 

(d) In some cases of ascites an antidiuretic agent is present in the urine ; 
this finding is interpreted as indicating that the pituitary antidiuretic hormone 
is present in the blood in excessive amounts, probably because the damaged 
liver cannot inactivate it in the normal way. As a result there is excessive 
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r6absorptioii of water by the kidney leading to an increase in the volume of 
tbe body fluids i mnob of this fluid accumulates in tbe peritoneal cavity 
because of the abnormalities described in (a) and (b) above. 

(e) In some patients with chronic hepatitis (cirrhosis of the liver) the 
ascitic fluid accumulates very rapidly and may have to be withdrawn from 
the peritoneal cavity every few weeks. An important contributory factor is 
the failure of the kidney to excrete Na+ ions ; Na+ is retained, leading second- 
arily to water retention.^ On a liberal salt intake the amount of Na^ excreted 
in the urine may be less than 1 m.Eq. (0*023 g.) daily. If the Na+ intake is 
drastically reduced the ascites tends to clear up. It is suggested that there is 
hypersecretion of adrenal corticoids which cause an excessive degree of 



ALBUMIN (g. per 100 ex.) 

Fig. 644. Relation of Serum Albumin Concentration to 
Ascites in Cirrliosis of Liver (Chronic Hepatitis). (Post 
and Palik, Arch, irU. Med. ^ 1942, 69), 

Note that the mean value for serum albumin in cases with ascites was 
2‘3%, and in cases without ascites 3*7%. 

reabsorption of Na^ from the lumen of the renal tubules into the blood. It is 
noteworthy that the Na+ content of the sweat and saliva is also low in these 
patients (p. 946). 

Thus in patients with portal obstruction ascites may be due to : increased 
capillary pressure in the portal bed ; reduced serum albumin concentra- 
tion ; a toxic factor in meat ; excess antidiuretic hormone ; sodium retention 
resulting perhaps from excess adrenal corticoids. It is clear that hepatic 
and renal dysfunction are important contributory factors.^ 

(iii) A collateral circulation is established between the portal and the 
systemic circulation, e.g, at the junction of oesophagus and stomach, in 
the mucosa of the anus, and in the abdominal wall. Eamorrhages may occur 
from the dilated venules of the bowel. 

Functions of the Liver, — The functions are very numerous and are 
discussed in various sections of this book. They are summarized below, where 
adequate cross-references are given. 

^ Fisenmenger el al,, J, din, Inveetig., 1960, 29, 1491. 

* Ascites may also occur : (1) in cardiac failure : it is due to raised intra-abdominal 
renous pressure and renal dysfunction (of. cardiac cedema, p. Ill) ; (2) in nephrosis : 
it is due to lowered serum albumin concentration (of. p. 113), 
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(1) Storaob Organ. — T he liver stores glycogen (p. 837), fat (p. 866), 
probably proteins (p. 138), vitamins, e,g. vitamin-4, antipernicious anaemia 
factor (p. 197), other substances concerned in blood formation and regenera^ 
tion (p. 210), and blood (p. 821). 

(2) Synthesis. — The liver synthesizes the plasma proteins (p. 137), 
fibrinogen (p. 140), prothrombin (p. 142), and (by virtue of its mast cells) 
heparin (p. 145). 

(3) Bile Secretion (p. 797). 

(4) Formation (p. 160) and Destruction of red cells (p. 187) ; relation 

to Jaundice (p. 190). 

(5) Detoxicating func- 
tion (p. 828). 

(6) Metabolism.— The 
liver is pre-eminently the 
central organ of metabohsm. 
To discuss its rfile adequately 
would mean considering in 
detail the metabolism of 
carbohydrate, fat, and pro- 
tein. It is more convenient, 
therefore, to consider the r61e 
of the liver when dealing with 
the metabolism of the in- 
dividual foodstuffs. The fol- 
lowing sections should be 
consulted : 

(i) Carbohydrate Metabol- 
ism (pp. 837 et seq,), especially 
Eole of Liver Glycogen 
(p. 838) and Eegulation of 
Blood Sugar (p. 855). 

(ii) Fat Metabolism (pp. 863 
et seq,), especially discussion 
on pp. 866 et seq, 

(iii) Protein Metabolism 
(pp. 876 to 904). 

Complete Extirpation of 
Liver. — The liver can be com- 
pletely extirpated in animals. 
Much has been learnt about the functions of the liver from such 
studies. The animal recovers rapidly from the operation and to all outward 
appearances seems fairly normal for a few hours. The changes which develop 
in pulse rate, respiration, and temperature are shown in Fig. 545. The 
principal results of complete hepatectomy are as follows : 

(1) There is a progressive fall of blood sugar (development of hypo- 
glycoemia), e,g, to 40 mg-% or less, producing the characteristic symptoms 
for the species ; in the dog there is marked muscular weakness, followed by 
convulsions, coma, and death. The aggravation of the clinical state runs 
parallel with the fall of the blood sugar. The somewhat different symptoms 
of hypoglycsemia in man are discussed on p. 915. 



Fig. 545. — Changes in Blood Sugaj, Pulse Rate, 
Respiration, and Temperature, following Re- 
moval of Liver in Dog. (Modified from data by 
Mann andMagath, Arch. Med., 1922, SO, 73.) 
The animal died 10 hours after hepatectomy. 
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The administration of glucose in doses of 0*25-0*5 g. per kg. body weight 
to a flaccid and comatose animal produces astonishing effects : within 30 
seconds the dog can walk and respond to a call ; the heart beats more strongly. 
The blood sugar, immediately following the injection, reaches a high level ; 
when it decreases again symptoms reappear. The development of fatal hypo- 
glycaemia after hepatectomy proves that the liver is the organ principally 
responsible for the maintenance of 3 . 2 ^ 
the normal level of the blood sugar 
(cf. p. 856). 

Light is thrown on the fate of 
certain sugars in the body by the 
following observations in the hypo- 
glycsemic, liverless animal. Maltose, 
mannose, fructose and glycogen act, 
on intravenous injection, like 
glucose ; these four substances can 
thus be converted somewhere out- 
side the liver into glucose. Galactose, 
however, is neither converted into 
glucose nor used in the liverless 
animal. This last observation is the 
basis of the galactose test of liver 
efficiency (p. 830). 

( 2 ) There is a progressive fall 
of the blood urea and rise of the 
blood amino-acids (p. 886 , Figs. 

566, 867). This proves that the 
liver is the chief site of deamination 
of amino-acids and the only organ in 
which urea is formed, 

(3) J aundice develops after total 
hepatectomy; bilirubin accumulates 
in the blood and tissues (Fig. 546), 
and is excreted in the urine. 

Jaundice develops constantly in 
animals which survive longer than 
6 hours ; the plasma and fatty 
tissues become coloured. The blood 
gives a positive Van den Bergh 
reaction for bilirubin (p. 189), first 
an indirect and than a biphasic 
reaction. The removal of the spleen and of all the abdominal viscera does not 
alter the rate of development of the jaundice. If hsemoglobin is injected 
intravenously into the hverless animal considerable additional amounts of 
bilirubin are formed (Fig. 546). These observations prove that bilirubin 
can be formed extra-abdominally (cf. p. 188). The liver, however, is the only 
organ normally concerned with the execretion of bile pigment. 

( 4 ) The coagulability of the blood is depressed owing mainly to a marked 
decrease in the concentration of plasma prothrombin and perhaps also to a 
decrease in plasma fibrinogen. 





Fig. 646. — ^Accunmlation of Bilirubin in 
tbe Blood Following Removal of the 
Liver ; Conversion of Hsemoglobin into 
Bilirubin. (Redrawn from Mann et oZ., 
Arner. J. Physiol., 1924, 69, 399). 

Experiment on dog. 

Ordinate : plasma bilirubin in mg-%. 

At 0, total removal of liver. Note gradual rise in 
bilirubin level. At each point marjced H 
injection of hsemoglobin Intravenously. Note 
resulting marked increase in bilirubin level 
Indicating extra-hepatic bilirubin formation. 
Considerable amounts of bilirubin were also 
excreted in the urine. 
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(5) Hematic insufficiency develops. If tte blood sugar is kept normal by 
the continuous infusion of glucose the animal may survive for 18-24 hours. 
Finally, however, restlessness, dyspnoea, and vomiting occur ; the animal 
becomes ataxic, and does not appear to hear or see. Coma and anuria develop, 
and death takes place quite suddenly. These symptoms are unrelieved by 
glucose and are not due to hypoglycsemia ; these terminal manifestations 
are due to loss of some unknown liver functions {i,e. to some undefined form 
of hepatic failure). (Cf. acute clinical hepatic failure (p. 833).) 

Partial Extirpation of the Liver.^ — The results produced depend on 

(i) the physiological reserve of liver tissue ; (ii) the regenerative power of 
the liver ; (iii) its nutritional state. 

(i) The physiological reserve is indicated by the fact that the body contains 
liver tissue far in excess of the minimal amount necessary for normal physio- 
logical function. Thus, in the dog, after removal of 80% of the liver, bile salts 
and bile pigments are not retained in the blood or excreted in the urine. Even 
if 90% of the bile ducts are ligated the volume of bile secreted remains normal. 

(ii) The regenerative power of the liver is illustrated by the following 
observations. In the dog, if three-fourths of the liver is removed, proliferation 
takes place in the remaining tissue as a result of active mitotic division of the 
cells ; the original liver mass is restored in 6-8 weeks.^ The bUe ducts 
at the periphery of the lobules also sprout and bud ojBf new clumps of cells ; 
blood vessels and connective tissue soon invade the newly formed areas. 
Excision can be repeated many times and is always followed by regeneration. 
Regenerative processes play an important part in the repair of the liver 
following the administration of hepatic poisons. 

(iii) The importance of the nutritional state and the hlood supply are 
considered on pp. 822, 827. 

Chronic hepatic insufficiency may be produced as follows : Establish an 
Eck fistula, t.e. a lateral anastomosis is established between the portal vein 
and the inferior vena cava ; the portal vein is tied headwards to the stoma, 
thus cutting off most of the blood supply to the liver. It becomes reduced to 
half or less of its original size ; within 2 months remove 60% of the liver. No 
regeneration now takes place, so that less than one-fifth of the original amount 
of liver tissue is left and very few of the cells which are present appear normal 
on histological examination. In spite of this, the animal maintains fairly 
normal health. The chief abnormalities present are as follows : (i) the blooa 
sugar tends to be slightly below normal ; (ii) after injection of insulin the 
recovery of the blood sugar is greatly delayed (Fig. 582) ; (iii) pancreatectomy 
produces only a slight hyperglycaemia as hepatic glucogenesis is impaired ; 

(iv) adrenaline produces a less marked rise in blood sugar ; (v) poisons are 
not well tolerated.® 

Chemical Composition of the Liver. — The Table on p. 827 shows how 
the weight and chemical composition of the liver may be influenced by 
alterations in the composition of the diet (data of Bollman and Mann for 
the dog). 

The lowest and highest percentage in each case are shown in italics, 

^ BoUmaxm and Mann, Ergeb. Physiol., 1936, S8, 445. 

2 Regeneration must have taken place very actively in the case of Prometheus, whose 
liver was gnawed daily by a tormenting eagle. 

® The newer olinicfid tests of hepatic efficiency were not carried out on these animals. 
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Liver weight may vary 4-fold ; fat content per cent., 32-fold ; glycogen 
content per cent., 150-fold ; and water content, 2-fold. 


Diet. 

Liver Weight 
as per cent, of 
body weight. 

Fat 

as per cent, of 
liver weight. 

Glycogen 
as per cent, of 
liver weight. 

Water 

as per cent, of 
liver weight. 


Low. 

High. 

Low. 

High. 

Low. 

High. 

Low. 

High. 

Mixed 

1-8 

3-3 

I-d 

5*2 

0-8 

7-1 

684 

74’6 

High protein 

3-1 

44 

2-3 

31 

2-3 

6-8 

70*2 

72-7 

High carbohydrate 

44 

4-6 

1-7 

2-3 

7-1 

11-0 

71-8 

73*2 

High fat 

4-1 

7-6 

234 

52-2 

0‘07 

2-3 

S6'6 

674 

Pasting 

2-6 

34 

5-2 

16-7 

0-3 

2-1 

65-8 

73-6 


Relation of Composition of Diet to Liver Function. — There are a 
number of important observations showing that the protein, carbohydrate 
and fat intake are related to the efficient functioning of the liver. 

(1) EFrECTS OF High Fat Diet and E6le of Lipotkopins (p. 867). 

(2) Pbotective Action of Methionine.— As pointed out on p. 867, 
methionine, by donating CHg groups to form choline, is an indirect lipotropin. 
In addition it has been found that methionine (and to a smaller extent 
cysteine) protects the liver against the noxious action of certain poisons and 
especially against chloroform. A dog which has been kept on a low protein 
diet for a long time is highly susceptible to chloroform poisoning ; light 
anaesthesia for 20 minutes kills the animal ; post-mortem, extensive necrosis 
of the liver cells is found. But if the dog is given methionine (or cysteine) 
a few hours previously, it can withstand deej) anaesthesia for 40 minutes 
with little subsequent clinical disturbance and no signs of liver injury. A 
large meat meal (or plasma protein injected intravenously) has a simflar 
protective action, doubtless because of its S-containing amino-acid content. 
(It should be noted that choline is not protective against chloroform 
poisoning.) 

(3) Effects of Gbave Peotein Insufficiency.— (i) Under certam 
conditions, as yet unperfectly determmed, grave protein insufficiency may, 
after a delay of some weeks, produce, in rats, acute hepatic insufficiency due 
to massive necrosis of the liver. The necrosis involves large areas which are 
separated from each other by normal regions. In the affected areas the liver 
cells are dead and there is much congestion and many haemorrhages. If the 
animal recovers, fost-neorotic scarring occurs : the normal regions hyper- 
trophy and between them are found scars which interfere with the hepatic 
blood supply. Special stress has been laid on the fact^ that the cysteine 
content of these diets is deficient. The esqperiment makes it clear that in the 
absence of adequate supplies of amino-acids (needed presumably for the 
maintenance of the liver proteins and enzymes), the liver cells may die. 

(ii) A condition of massive necrosis occurs in animals fed on gram 

grown in soil rich in selenium. The selenium in the grain replaces ike sulphm 
in the sulphur-containing amino-acids, resulting in^ hepatic necrosis ; the 
hepatic necrosis is prevented by administering methionine or cysteine. 
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(4) In general, it may be emphasized that the liver resists many forms of 
stress best when its stores of carbohydrate and protein are ample ; its 
ejBQ.ciency is impaired when it is laden with fat. Thus a dose of carbon 
tetrachloride which is fatal (in the dog) within 24 hours if the liver is fatty 
at the time of administration is without effect if the liver is well filled with 
glycogen. In the case of tetrachlorethane, 1 c.c. produces severe intoxication 
and coma of 6-8 hours’ duration if given 24 hours after the last meal ; if 
given 12 hours after food, only mild symptoms result. The toxic action of 
ethyl alcohol on the liver varies inversely as its glycogen content ; the toxic 
action of trinitrotoluene and arsphenamine is potentiated by protein deficiency 
and a high fat intake. 

Toxipathic and Trophopathio Hepatitis. — Himsworth recognizes two 
forms of hepatitis (liver damage) : 

(i) Toxipathic, due to the action of poisons (such as those mentioned 
in (4) above). 

(ii) TrophopathiCy due to nutritional disturbances, e.g. protein deficiency 
and the factors causing “ fatty liver ” (p. 867). It must also be remembered 
(a) that nutritional disturbances make the liver more vulnerable to attack 
by poisons ; and (6) that a diet which is normally adequate may become 
insufBicient in periods of growth or during pregnancy. 

Massive necrosis (also called acute yellow atrophy ”) occurs in man 
(cf. p. 833), but the cause is unknown. 

‘^Detoxicating ” and Protective Action of the Liver. — The liver 
exerts its protective action in a variety of ways : 

(1) By Conjugation,^ i,e, by combining the unwanted substance (or a 
derivative of it) with another molecule or chemical group, the resulting 
compound being excreted in the urine. It does not always follow that the 
excreted compound is less toxic than the original, as measured by the usual 
toxicity tests — ^it may even be more toxic. For this reason, and for the 
additional reason that many normal physiological compounds are chemically 
“ manipulated ” by the liver in this way before being excreted, the term 
“ detoxication ” commonly applied to conjugation in the liver is a misnomer, 
and would be better replaced by “ protective synthesis.” Examples are : 

(i) Conjugation with Sulphate, — ^Many phenolic compounds are con- 
jugated in the liver with sulphate, and excreted as ethereal sulphates ” 
(sulphate esters) (p. 900). 

(ii) Conjugation with Glycine, — ^Many aromatic acids that cannot be 
catabolized in the body are combined with glycine (or other amino-acids 
in special cases) before excretion. Benzoic acid (CgHg.COOH) is transformed 
by the liver into hippuric acid (benzoylglycine, CeHg.CO.NH.CHg.COOH) ; 
a similar detoxication of benzoic acid also occurs in the kidney (p. 830). 
On the other hand, phenyl-acetic acid (CeHg.CHg.COOH) is “ detoxicated ” 
by combination with glutamine (the amide of glutamic acid). 

(iii) Conjugation with Glucuronic Acid. — ^Many drugs and hormones 
containing OH groups (either alcoholic or phenolic) combine with glucuronic 
acid to form glucuronides ; thus pregnanediol (from progesterone) is excreted 
in the urine as pregnanediol glucuronide after conjugation in the liver, and 
similarly for the other urinary steroids (pp. 1078, 1080). 

(iv) Conjugation with Acetic AM, — Aromatic amino compounds react 

^ Williams, DetopdaoHon Mechiimma, London, 1947. 
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in the liver with, acetic acid (as reactive “ 20 fragments ” (p. 871)) to form the 
correspon(^g acetyl derivatives, e.g. sulphanilamide forms acetyl-sulphanil- 
amide, which is then excreted (p. 873). 

The mode of treatment of a foreign substance by the liver depends chiefly 
upon its chemical structure, but partially on the species of animal involved. 

(2) By Complete Destruction.— Many compounds foreign to the body 
are destroyed in the liver by complete oxidation. Example are the alkaloids 
strychnine and nicotine, and the anaesthetic Na pentobarbital. Partial 
oxidation (or, less often, redmtion) may precede the conjugation reactions 
described in (1) above. 

Clinical Hepatic Failure. — ^Disease of the liver in man may result in : 

(1) Excretory Failure, — Failure to excrete bile leads to retention of the 
constituents of the bile (p. 804) and an increase in the concentrations of bile 



F i 1 1^ E hours F J 1 ij 2 hours 


Fig. 647. — ^Blood Galactose Curves in Hepatic Insufficiency. (McLagan, Quart. J. Med. 

1940, 9, 156.) 

Lift-hand Figvre : ordinate : blood galactose in xng-%. Ingest 40 g. of galactose by month. 

A : normal curve, GI : galactose index »=81, 

B : abnorznal curve (excessive rise of blood galactose) in case of catarrhal jaundice with hepatic insufficiency 

Right-hamd Figwre : ordinate : total blood ** sugar,** blood glucose, or blood galactose in mg-%. 

Case of diabetes mellitus. Simultaneous administration of galactose and glucose by mouth. Norma 
blood goMoae curve, GI»75 ; characteristic diabetic Hood glucoee curve. 


pigment, bile salts, cholesterol, and alkaline phosphatase in the blood. Bile 
salts and bile pigments appear in the urine ; jaundice develops. The absence 
of bile from the intestine impairs digestion and, in addition, decreases the 
absorption of fat and fat-soluble vitamins. 

(2) Portal Obstruction. — This condition is characterized by development 
of collaterals between the portal and systemic veins, and ascites (p, 822). 

(3) Parenchymal FaiUtre. — In this condition excretory failure may or 
may not be present ; the term parenchymal failure is used to indicate that 
the liver cells are failing to carry out their other functions, to a greater or 
lesser degree. 

A number of laboratory tests are available for assessing the form and extent 
of parenchymal hepatic failure. 

Laboratory Tests of Liver Function,^ — The facts set out on p. 826 about 
the difficulty of producing experimental liver insufficiency, without com- 
pletely removing the liver, should be borne in mind when considering means 


of testmg hver function clinically. Extensive liver damage must be present 
in man before obvious signs of ins 
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functioas^are. hawever, impaired sooner than, others and these may serve 
as more sensitive tests . I n disease oi the liver parenchyma the excretion 
of bile is o:^ten not "markedly aft'ected and consequently tnere may be littte 
mnndice and no increase in blood bilirubin ; urea formation is another ver y 
i fesistant function . The loliowing tests are of value. 

’“‘(IJ (iALACTOSE Tolerance Test. — ^When galactose is absorbed from the 
intestine It is normally converted 6y~f he liver into glycogen and subsequently 
into glucose which is dissimilated by the tissues. In the liverless animal, 
however, * galactose is scarcely utilized at "all and is only disposed of by 
excretion in the urine. The test consSts of administering 40 g. of galactos e 
b y mouth and determining^ the btood aalaciose at 1-Q, 1*8, and 2 hours . 
Isnormal subjects the blooJ galactose rises very sligntly ; m the presenoe^f 
liver damage a greater rise takes nlace^ (Fig. 547). The sum of the four 
galactose values (at the times stated) m gives"^e 

(Fig. 548). The normal average is 6^ a nd ttie maximum normal 160 . HlgSer 




Fia. 548.— Galaotos© Index in Normal Subjects and in various Clinical States. (McLagan, 
Qvart. J. Med.f 1940, 9, 166.) 

Left-hand I^wre : normal distribution and upper normal limit of galactose index. 

Right-hand Figure : normal gaUiotose index in diabetes mellitus and groim of cases with obstructive 
jaundice ; abnormally raised index in toxic Jaundice and in hypertbyroidism. 


values indicate hepatic insufficienc y. The galactose index is not raised jn 
cases,.otdiabetes me 54t, right G-.l.— 75), even when the gluc^e 

tolerance is markedly impaired. Fig. 548 shows a raised galactose index in 
toxic jaundice and in hyperthyroidism (in which liver impairment is common, 
p.991). 

(2) I ^TvynRTn Acid Test. — ^When sodium benzoate is taken by mouth it is 
conjuga^d in the liver and kidneys'^S^ glycine io" form hippuric acid. 
Clinically 6 g. of NaJienzaate are ingested ; normally 3-3-5 g. of benzoic acid 
are excreted in the urine as hippuric ^cid in the course of the next 4 hours ; 
an excretion of 2-7 is taken as the low limit of normality.^ In liver disease 
hipputic acid excretion is depressed owmg to dimmlsked con]ugation. 

EerM cJ^aeiiSe'must; Of (iOluse, excTuded as impaired Ja^ey function 
gives the same result owing to diminished hippuric acid synthesis and dimin- 
ished renal excretion of that which is formed. 

(3) Bromstjlphthalein Exobetion Test . — Normal liver cells secrete this 
dye (phenol and tetrabromphthalein disodium sulphonate) from the blood 
into the bile. Five mg. per kg. of the dye are injected intravenously and 
specimens of blood collected after 5 and 45 minutes. Assume the initial 
concentration of the dye in the blood to be 100%. After 5 minutes the blood 
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fi oncentration norraaUv falls to 85%, and after 45 minutes to 5% A value 
at 4 5 minutes exceeding 10^.. Hp.TY|^.grA 

^41i Coagulability of the BLopn {Prothrombin Response to Vitamin-K). 
— In li ver disease tke coagulability of the blood is decreased primarily owing 
to the lowerecTplasma protJirombm : if there is also a fall of plasma iibiinog^, 
it constitutes an additional contnySp^lfa^^ a result hsemorrhages 

majjocbur. In suc^^c^^^^ tie administration of vitamin-Jf by any route does 
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Fig. 649. — ^Plasma Protein changes in Liver Disease. 

(Post and Palik, Arch. iini. Med., 1942, 69.) 

Freauencv distribution of values (on admission to hospital) for serum albumin and serum globulin in 61 
patients with dirhosis of liver. Note the decrease in serum albumin and the increase in serum 
globulin. 

not raise tte abnormally low prothrombin level, i.e. the prolpng^ipwtitaaJBhin 
clotting time, characteristio of liver disease is miaffected (p. 163). 
'“JSJsiKTO Aibumin O 0 NCENTKA.TION.— This is lowered in liver in- 
sufficiency bebaMA "the liver" is’t^^ site of serum albu^ formation. 

For some unknown reason serum globulin concentration is raised, often 
markedly (Figs. 5A9, 650) (cf. p. 833). High protein fee^ fails to restore 
the serum albumin level as the mechanisms concerned in the manufacture 

of albumin are impaired. mi. -u- ^ 

(6) Empibicai. (Flocculation) Tests of Liver Function. — T he objects 

of these “fSats are : 

(i) To distinguish between iamdice^eJo_l^r^Hd^|^(W^^^^^^ 
combinearifrffi'taffiffiffiatb:^''B‘«SffiSg^ tie ISoair^e lucS, which gives 
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a positive result, and jaundice, caused by gross obstruction of the larger ducts 
(by growth or stone) which gives a negative result (cf. p. 191). 

(ii) To give a quantitative measure of the hepatitis present and of changes 
in the intensity of the process. 

In hepatitis there is a characteristic alteration in the distribution of the 
plasma proteins. Not only is there a fall in serum albumin and a rise in serum 
globulin (as mentioned above), but the relative magnitudes of the different 
components of the globulin fraction (a, jS, <f>^ y) are changed. Fig. 550 illustrates 



Fig. 560. — ^Electrophoretic Analysis of Distribution of Plasma 
Proteins in Patient with Chronic Hepatitis (Cirrhosis of Liver) 
compared with Normal Subject. (Whitman et al., J, lab, din, 

Med., 1960, 35, 172.) (Cf. Fig. 73). 

A = albumin, a, jS, </>, 7 == globulin fractions, 

characteristic serum protein changes in a patient with hepatitis. The results 
of the empirical tests are related to these plasma changes. Various reagents 
are added to the serum under investigation. When the test is positive the 
added reagent is precipitated out of solution {flocculation) giving rise to 
turbidity. The factor mainly responsible for causing the flocculation is the 
increase in the y-globulin which is commonly associated with hepatitis 
though an increase in other globulins may play a minor part ; the serum 
albumin inhibits flocculation. The thymol reagent {infra), however, is also 
readily precipitated by lipids ; a misleading (‘‘ false ”) positive thymol 
reaction may thus be obtained in cases of nephritis associated with lipaemia. 
When the test is negative, no flocculation occurs. 

Three types of reagents are used: 

(i) Salts of divalent metals, e.g. cadmium and zinc sulphates. (These 
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are used in a concentration mucli below tbat required to give complete 
protein precipitation.) 

(ii) A saturated thymol solution. 

(iii) Negatively charged colloids : colloidal gold or a colloidal suspension 
made by boiling an ethereal solution of cephalin and cholesterol with water. 
(The y-globulin does not act on these reagents by neutralizing the negatively 
charged colloid since it is itself negatively charged.) 

All these reagents are unchanged by normal blood sera except the thymol 
solution which gives a faint cloud ; in hepatitis the thymol cloud may be 
10-30 times as intense as normal, and flocculation occurs. Hence the 
thymol turbidity test is specially useful as a quantitative reaction. 

The following conditions give positive results with most of the tests : 

(а) Hepatitis : positive tests are obtained in over 90% of cases. 

(б) Virus diseases : usually in lymphogranuloma inguinale and sometimes 
in infective mononucleosis. 

(c) Protozoal disease : usually in Leishmaniasis and sometimes in malaria. 

{d) Severe infections : tests are sometimes positive in such conditions as 
tuberculosis, pneumonia, infective endocarditis. 

(e) Tests are sometimes positive in multiple myelomatosis, sarcoidosis and 
rheumatoid arthritis. 

In obstructive jaundice due to pressure on the larger ducts by growth 
or stone, the tests are almost always negative for . the first four weeks and 
maybe for much longer. If, after this time, the tests become positive, it may 
be inferred that the back pressure of the bile is damaging the hver cells or 
that infection has supervened (of. (a) and (d) above). Thus, a case of jaundice 
of only a few weeks’ duration which gives positive flocculation tests is probably 
due to hepatitis ; jaundice of similar duration giving negative tests is probably 
due to gross obstruction of larger ducts. If a positive test is obtained in the 
absence of jaundice, and conditions (6) to (e) (above) can be excluded, 
hepatitis is probably present [e.g. hepatitis due to amoebic infection). If the 
patient is known to have hepatitis, the condition must be regarded as 
incompletely healed until the thymol turbidity is quantitatively normal. 

The source of the y-globulms which are responsible for the positive 
reactions, is obscure. It has been suggested that they are the products of 
abnormal activity by damaged liver cells ; but their occurrence in many 
other diseases in which the liver is not known to be involved, indicates that 
they may be derived from other sources, e.g. the reticulo-endothelial system, 
lymphoc 3 rfces or plasma cells. 

Acute (Rapidly Fatal) Hepatic Failure. (Acute Yellow Atrophy, 
Acute Massive Hepatic Necrosis). — The cause of many of these cases is still 
undetermined ; the condition constitutes the nearest equivalent in man to 
that found in animals after complete extirpation of the liver. 

The initial symptoms are indefinite ; the patient feels ill and complains 
of loss of appetite (anorexia) and nausea. He is apathetic and spends most 
of the day in a drowsy state. At night his sleep is disturbed by unpleasant 
dreams. There is achlorhydria which is resistant to injection of histamine 
(p. 783). The breath is foetid, “like the smell of a freshly opened corpse.” 
The patient finally takes to his bed owing to extreme weakness. Vomiting 
develops which becomes persistent ; jaundice appears which soon becomes 
severe. The serum bilirubin rises (e.g. to over 20 mg-% ; the icterus index may 
27 
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exceed 100 units) ^ ; the blood prothrombin falls {e,g. to 10% of normal) as 
does the plasma fibrinogen {e,g. to 0*1 g-%) ; bleeding may occur into the 
skin and mucous membranes. The blood urea is low (e.g, 8 mg-%) ; the 
blood amino-acid level is raised and amino-acids appear in the urine ; the 
blood NHjt is raised. The pulse, temperature, and respiration are unaffected 
until late in the disease when the pulse accelerates and the temperature rises. 

The final symptoms are nervous and mental and are perhaps due in part 
to progressive hypoglycmmia. Consciousness is clouded,’’ and there are 
hallucinations and delirium. A rigidity like that found in Parkinsonism 
develops and there are fine muscular twitchings, but convulsions are rare ; 
finally coma sets in which deepens into death. 

The non-specific hepatic tests {ix, the various flocculation reactions) 
become positive after the first few days and are indicative of active damage ” 
to the liver cells. 

In some cases {hepato-renal syndrome) additional signs of renal insuificiency 
are prominent, e.g. decreased volume of urine, retention of nitrogenous 
substances in the blood, and finally even complete anuria, 

1 Icterus index , — This is a measure of the concentration of scrum bilirubin and biliverdin, 
obtained by comparison of the intensity of the yellow colour of the serum with a standard 
potassium dichromate solution. The index is expressed in standard, though arbitrary, 
units, and normally lies between 3 and 6 units ; above 15 units, clinical symptoms of 
jaundice may appear. 
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METABOLISM 

CARBOHYDRATE METABOLISM.^ DIGESTION, ABSORPTION, AND 
STORAGE OE CARBOHYDRATES 

Carbohydrates of Food. — The principal carbohydrates in the food are : 

(i) Polysaccharides (CjflHgnOn), e.g. starch (CeHio 05 )x in vegetable foods. 
Cellulose and pectins cannot be digested by the enzymes of the human bowel. 

(ii) Disaccharides (Ci2H220ii), e,g, sucrose (saccharose, cane- or beet- 
sugar), lactose (from milk), and maltose. 

(iii) Monosaccharides: (a) Hexoses (CgHigOg), glucose (dextrose), and 

fructose (Isevulose) in fruits and vegetables. (Galactose is not as 

such but is split off from lactose). 

(6) Pentoses (CgHioOg), not in the free form, but in nucleic acid (p. 878) 
and in certain polysaccharides, e.g. the pentosans of fruits and gums. 

The nietabolic “ pathway ’’ of carbohydrates [i.e. the sequence of inter- 
mediate compounds and reactions by which metabolic transformations are 
effected) may be joined by certain food constituents which are not carbo- 
hydrates, e.g. glycerol. 

Digestion. — (i) Ptyalin of the saliva can only digest starch after the 
cellulose envelope has been burst, e.g. by cooking. It acts in an alkaline, 
neutol or faintly acid medium (optimally at ^H 6*5).^ Ptyalin digestion can 
thus continue in the stomach for about half an hour imtil it is arrested by the 
excessive acidity of the gastric contents. The (unimportant) digestive action 
of ptyalin may thus be summarized : 

Starch erythro-dextrin >■ achroo-dextrin >■ maltose. 

(dextrins of decreasing complexity). (to some extent.) 

(n) The HCl of .the gastric juice may hydrolyse some sucrose. 

(iii) Amylase of the pancreatic juice rapidly converts all forms of starch 
and dextrins completely into maltose. It acts in an alkaline medium, and its 
digestive activity is increased by the presence of the bile salts. 

(iv) Succus entericus contains three classes of enzymes, invertase {sucrose), 
maltose, and lactase, which convert disaccharides into monosaccharides as 
follows : 

Invertase. 

Sucrose > Glucose Fructose. 

Maltose. 

Maltose 2 Glucose. 

Lactase. 

Lactose >■ Glucose Galactose. 

1 For general discussion see Soskin and Levine, Carbohydrate Mdaholisni, Chicago, 
1946. BeU, Introduction to Carbohydrate Biochemistry, 2ud ed., London, 1948. 

For an account of the general methods used in metabolic studies (including the use of 
isotopes), see p. 904. 

* The reaction of saliva as secreted is faintly acid ; if the CO 2 in solution is allowed to 
escape by exposure to the air the reaction becomes faintly alkaline. 
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Pentoses are liberated as an end-produc t of the digestion of nucleic acid 
(p. 879) and from the j)aHia]riii^stion of pentosans. 

The enffprb'dhcf s of carbohySrate digestion are, therefore, mon^ 
saccharides, by far the most important of which is. glucose. 

^ " Bacteria In the ^1^^^ intestine rnay convert some glucose into methane, 
CO 2 , and other products. 

'^ ‘ Absorption.— (1) Mechanism 0 £ Abso^io^— A bsorption of the mono- 
saccharides from the lumen of^Ee^s maT T intestine into the portal circulation 
takes place in two ways ; (i) Bj simple diffusion of sugar, due to the higher 
cbhcentfatioh in the gut than in the blood. 

(ii) By the Xhe,„prpcess 

concerned ^esembler that responsible for the reabsorption of glucose from 
tEe^umen of "the renal tubule into the blood ; it^m9\Y^§M'OWAo.ryM^ 
(p!"^SIS),' t.e. the union ^ pEospHatfi ; it only cpuperns the 

‘'physiological” hexoses, i.e. glucose, galactose, and,^ucj^e^ 
noh-phyHm^o^^cai hexos^^ Hke mj^^ pentosesj. If the intestinal 

mucous memfeaSOi Tolled^ depresse^hjLPPQhug a, low temperature, or 
poisoned by phloridzin (p. ''active” absorption 

ceases and simple diffusion aCne iakes. place. 

(2) BtAmOEABS^ rate of absorption by the living intestinal 

mucosa is more rapid than when diffusion alone is taking place. In man 
the measured maximal rate of absorption from a 50 cm. loop of jejunum 
per hour was : glucose, 8 g. ; galactose, 9*5 g. ; fructose, 5 g.^ The cor- 
responding rates for mannose or pentose which are absorbed solely by diffusion 
would be (judging from experiments on rats) about 1 g. The following factors 
influence the rate of absorption : 

(i) The membrane ((1) (ii) s%ipra) and the length of time 

during wEich "tEe carbohydrate is in contact with it. Absorption is thus 
depressed in diarrhoeal conditions (because of hurry), in enteritis and in cccliac 
disease (the nature of the mucosal disturbance in this condition is unknown). 
(The effects of widespread excision of the small intestine and of gastro-colic 
fistula are discussed on p. 797.) 

(ii) Rffie^^ ff^Endg^ Thyroid : thyroxine acts directly on the 

intestinal mucosa stimulating absorption. The rate of glucose absorption is 
thus depressed in myxoedema accounting for the flattened glucose tolerance 
curve, and stimulated in hyperthyroidism giving a diabetic-looking glucose 
tolerance curve (cf. p. 922). 

(6) An terior p ituitary : affects absorpfcic n solely through its influence on 
the thyroid ; hyperpituitarism induces thyroid overactivity and hypo- 
pituitarism induces thyroid atrophy, with the results to be expected from 
\a) supra. 

(c) Adrenal glucose absorption is depressed in adrenal cortex 

deficiency ; it can be restored to normal without the use of cortical extracts 
by a high salt diet which raises the Na"*" level in the blood to normal. Impaired 
glucose absorption can thus result from an abnormal state of the intestinal 
cells secondary to the altered electrolyte content of the body fluids which is 
characteristic of adrenal cortex deficiency (p. 955). 

{d) Insulin : has no effect on absorption. 

1 It is not known why fructose is less well favoured than glucose or galactose. 
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(iii) Role of Vitamins. — Various members of the vitamin-5 complex 
(p. 1024), e.^. tb ian^ejp antbtlienio acid, and pyridoxine, promote absorption. 

Fate ^H^pse , tbe liver -from 

tb ^intest ine in the portal blood. (jfc^Oactose is converted exclusively, in tbe 
liver inte glucose (directly or via glycogen) ; fructose is converted both in 
tte^ver. and in tbe muscles into glucose. Tbe glucose wbicb is absorbed 
from tbe bowel or is formed as a result of these isomerizations is : 

(i) Stored as glycogen in tbe liver (about 100 g.) and in tbe skeletal muscles 
(about 

(ii) Dissimilated ” (broken down by complete oxidation) in all tbe tissues 
to yield enS:gy ; on an average tbe complete oxidative breakdown^of 1 g. of 
c arboby drate to CO 2 and HgO yields energy equivalent to approximately 

(=4: Cal.). 

(iii) Conve rted into fat and stored as sucb in tbe fat depots (p. 874). 

It should be noted that some of the intermediate products of carbobydrate 
breakdown may be ammated amino-acids (pp. 853, 889). 

GlycpgeB .— Grlycogen is a suitable form in wbicb to store carbobydrate : 

(i) ' Being insoluble it exerts no osmotic pressme and so. does, .not disturb 
t^ iirtracelh^^ fluid content. 

(ii) It has a higher energy level than a correspondmg weight of glucose 

(p. 845). ■ ' 

(iii) I^is readily broken down under tbe influence of enzymes, (a) into 
glucose^m the "liver (to maintain tbe blood glucose) or (6) into lower inter- 
in'ediates in many tissues (including tbe bver) to yield energy. 

1. !R^uscle Glycogen is formed from the circulating bbod glucose ; 
the .concentration, in. resting muscle formation of 

muscle glycogen is increased by a rise of blood glucose and by insulin (p. 911) ; 
it is depressed pancreas^ and is restored to , ^ by 

in 3 .ectipn. of - insSin. 

M uscle gly cogen is consumed during muscular activity (p. 429) ; when 
muscl e is' resfed' afteY^^actmty"^^^ ^glycogen store is bnflt up again from 
15TEo5 "glucose . Muscle glyc o gen c an not readily b e cbnyerted bac k into blo pd 
glucgse ; tens even dur mg tbe fatal hvpoglvcsemia vffic E results f rom 
b^atectoi^ the muscle glycbg^lmay not cbmpletely^isappear (p. 824). 

27 Xiyer" Glycogen. — Tbe presence of 'glycb^^^ in tbeliver can be 
readily^ iembnstratecl as follows. An animal is ansestbetized, tbe liver is 
prepared for excision, frozen in situ with bquid air, removed, plunged into 
boiling alkab to destroy tbe proteins and enzymes, and then ground up. Tbe 
solution contains glycogen (wbicb can be precipitated with alcohol), but 
practically no glucose. On tbe other band, if tbe liver is deprived of its 
blood-supply in situ, or kept warm for some time after removal from tbe dead 
animal it contains no glycogen, but instead large amounts of glucose are 
found. Clearly, glycogen is imrmajdy^siQrpd te the liver apd is readily con- 
verted under isobseMo^mT^serobic conditions into glucose, l^e average 
jiv^'‘'^yco^’np ooac^fratign„^^^ 

6lyco,gen. — G lycogen is formed mjbejiyer 
and mus<^syia tbej,teges,in^^^ 55!r(p.“^S38). ' 

Two bf the reactions are irreversible : 

(i) Tbe conversion of blood glucose to glucose-6-pbospbate (by reaction 
with adenosine triphosphate .under tbe influence of the enzyme hexokinase) ; 
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this reaction introduces the glucose into the metabolic machinery of the 
cell ” (p. 844). 

(ii) The convers ion of glucose-6-phosphate to blood glucose ; this occurs 
in the liver only arSTiy tEe actibh of an entirely different enzyme system to 
that in ( ib narnely ^phosphatase (an enzyme which hydrolyzes hexose- 
phosphates to hexose and inorganic phosphate (cf. p. 845). 

(2) Sou rces of Liv ER..Gt; LYCQ GEN. — ^Liver glycogen is formed from : 

(i) 'TliT hexose monosaccharide end-products of carbohydrate digestion 
i,e, glucose, fructose, galactose. 

(ii) “ Intermediates ’’ of carbohydrate breakdown, especially lactic^acid 

and pyruvic acjd (pr852). " ^ 

(in) Glyce rol de^ed from th„e_h^^^^ otneutral fat (p. 874). 

(iv) Any ^ ^Tntermediat^'l dem the breakdown of the amino-acids 

(of proteins) wEicE enter into the so-called metabolic pool ’’ (p. 888). There 
is no doubt thatln tEls way glycogen (and glucose) may be formed from many 
amino-acids after they have been deaminated. 
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Pig. 551. — Blood Glucose and the Formation and Breakdown of Liver Glycogen, 

way of buUding^^u^ however, is by raising 

the Elpod glucose level ; tEs is more rapidly and effeptiyely done Joy intra- 
venou^mj ectipn pi, glucose than by oral administration. 

Bole First and foremost it is the only 

immediately available reserve of blood glu cose^ 

(ii) A high Uver glypogenTeve^ the liver cell against the harmful 

effects of many pbispn^ e.g. carbon^ tetrachlo,!^^^^^ ethyl alcohol, arsenic^ and 
varignaa-hajc^erM^ (p. 828). 

(iii) Certain forms of detoxication (p. 828) are directly influenced by the 

liver glycogen level : 

(a) deto xication by glucuronic acid of substances which contain^^ — 
groups/ ij^KHm^jEe sterols ( g.'.^TWegnTan^ 1081)), ; 

1 The word “ sugar ’* is commonly used in this book as synonymous with “ glucose,” 
e.g, in such expressions as “ blood sugar ” or “ sugar in urine.” Glucose is sometimes 
referred to as dextrose. Occasionally “ sugar ” is used to refer to dietary monosaccharide 
or disaccharide, e.g, sucrose (saccharose). In the plural form, “sugars” is sometimes 
equivalent to carbohydrates. The meaning is made clear by the context. 
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(b) detoxication by m eans of a^tyhtwn (substitution of an acetyl, i.e, 
(CH 3 CO— group), ace^lation of j^-amino-benzoic acid or of sulpban- 
ilamide ; the acetyl group may be formed thus : glycogen-^pyruvic acid—^ 
‘‘ 2 C unit ’’ derived from acetate (pp. 850, 873). 

^ ^.ffi?<^“ 3 ,cids in the liver is depressed as 
the glycogenH^eVer ns^^ ; tEs means that the amino-acids are preserved 
loE^er,Jh^ that^form jan so remain available for protein synthesis in the 
tissues. 

(v) Similarly a level of liver glycogen depresses the rate of Icetone 
formation from long chain fatty acids and thus abolishes or prevents ketosis 
(p;875). 

The hormones controlling the metabolic activities of the liver, and the 
key role of the liver in the regulation of the blood glucose level are considered 
on pp. 856-859. 

Other Forms in which Carbohydrate is found or Used in the 
Body. — (i) Lactose: secreted by the lactating mammary gland in the 
milk ; presumably it is synthesized from blood glucose (p. 1096). 

(ii) Fructose : found as the free sugar in fcetal blood and in seminal fluid. 

(iii) Glucuronic Acid (as glucuronides) : formed . in the liver for the 
“ detoxication ’’ of many alcohols, phenols, and acids (p. 828). 

(iv) Pentoses {ribose and deoxyribose) : constituent parts of nucleic acids 
(p. 878) and nucleotides. Ribose is a constituent part of the nucleotides con- 
cerned with : 

(а) hydrogen transport, e.g. coenzymes-I and -II (di- and tri-phospho- 
pyridine nucleotides respectively) (p. 841, Fig. 552) ; flavin-adenine dinu- 
cleotide from flavoproteins (p. 854) ; 

( б ) phosphorylation, e.g. adenosine mono-, di-, and tri-phosphates (AMP, 
ADP, and ATP respectively) (p. 842, and Fig. 553). 

(v) Muco-polysaccharides : found in vitreous humour, synovial fluid, and 
viscous secretions generally, and in cartilage, tendon, and bone. These 
complex polysaccharides contain glucuronic oM and hexosamines (glucosamine 
or galactosamine (chondrosamine)) as part of their molecular structure. 
Heparin (p. 144) and chondroitin (the cementing material of connective 
tissue) are muco-polysaccharides which also contain sulphate groups ; 
hyaluronic acid (a highly viscous substance which can be extracted from 
vitreous humor, umbilical cord, and skin) contains no sulphate. Many 
muco-polysaccharides are also combined more or less firmly with specific 
proteins to form the muco- or gly co-proteins, e.g. mucins from gastric mucosa, 
anterior pituitary hormones (p. 930), and some serum proteins. Specific muco- 
polysaccharides appear to be responsible for certain antigenic reactions. 

(vi) Galactolipides (cerebrosides) : found in brain and nervous tissue. On 
hydrolysis they yield galactose, a fatty acid, and a complex nitrogenous base 
called sphingosine ; their function is unknown. 


DISSIMILATION OF CARBOHYDRATES IN TISSUE CELLS 

The useful term dissimilation has been introduced to describe all the 
breakdown processes undergone by a foodstuff through many intermediate 
stages until the final end-products are reached ; in the case of the carbo- 
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hydrates the end-products are COg and HgO. The opposite transformation, 
i.e. t he building-u p of storage and stfuct^^ materials from dissimilation 
products, is 

Before discussing the problem of carbohydrate dissimilation in detail, 
some chemical considerations must be briefly reviewed. 

Enzyme Systems.^ — All_thejmet^ reactions to be described depend 
upon the catalytic activity of enzyme systems. These consist of a soluble” 
protein ' {’Enzyme-proton ^ ajpoenzyme) together with various acce ssory 
subst ance s. If the latter is a simple ion (e.g. Mg^’^, it is cairedT k 'cof actor 

and usually accelerates the enzyme action; if it is a complex organic, hvii 
non-protein, substance it is called a coenzj^m^^nd usually ac tS^ as ah essentia l 
infefniediate carrier jo^f products _pf t£e enzyme-catalysed^reaptipn, JChe 
ehzyme’-pfotein is"^^^^ for a particular chemical reaction or ^pe 

oTreactioh ; a particular coenzyme, Tiowever, may act~as" a carrier in a number 
oTiirfferent systems {i.e. it is less specific). Certain proteins (the conjugated 
proteins) consist of a protein moiety chemically combined with an organic, 
but non-protein, unit called the prosthetic group of the protein. With enzyme- 
proteins of this type, the prosthetic group acts as an intermediate carrier of 
products of the reaction, i.e. the enzyme has a “ built-in ’’ coenzyme ; 
examples are the feyp^rpiem^anc^^^ (p. 854). 

Biological Oxidations.— It is characteristic of many forms of tissue 
oxidation that the process does not involve the addition of atmospheric 
oxygen to the substrate, but the addition of water (+H 2 O) to form a hy- 
drate ” followed by dehydrogenation (removal of hydrogen) (~-2H), leaving 
an atom of 0 attached to the substrate. For a given reaction, a specific 
enzyme (a dehydrogenase) catalyses the release of 2H from the hydrate ” 
in the presence of a suitable hydrogen acceptor, i.e. a coenzyme (Co) which 
unites readily with the hydrogen. Examples are the oxidation of phospho- 
glyceraldehyde to phosphoglyceric acid (p. 843) and the oxidative decar- 
boxylation of pyruvic acid (p. 850), both of which are of the general type : 

+H 2 O enzyme+Co 

r^CHO 5 ^ E— CH(0H)2 5 ^ E— COOH + Co.2H 

“ hydrate ” (where R=an organic grouping) 

The addition of phosphoric acid rather than of water may occur to give 
phosphate derivatives. Many of the reactions are reversible. 

The commonest coenzyme acceptor for dehydrogenase reactions is a 
complex derivative of nicotinamide (one of the vitamins of the B group, 
p. 1026) called coenzyme-I (Co-I ; also called cozymase, or diphosphopyridine 
nucleotide, DPN). Its constitution is shown in Fig. 552 ; it is believed that 
in the reduced form the hydrogen is attached to the nicotinamide moiety. 
There is also a corresponding triphosphopyridine nucleotide (TPN, coenzyme- 
II). These are instances of a micro-dietary ’’ component (nicotinamide) 
being indispensable to the body (i.e. being a vitamin) because it participates 
in a fundamental metabolic process and yet cannot be synthesised. 

The reduced-coenzyme is ultimately re-oxidised by passing its hydrogen 
along a chain of hydrogen carriers, finally to form water by reaction with 
molecular oxygen (p. 854). 

^ Dixon, MuUi-enzyme Systems, Cambridge, 1949. Sumner and Myrback, The Enzymes, 
N.Y., 1950, 1951. 
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Energy Transfer. — All cliemical reactions involve energy exchanges. 
The energy values are customarily expressed in heat units (calories ; a 
chemical reaction which l iberates heat is said to exothermiCs and one which 
takes in heatjs endgtMxMMi- However, the energy which can be made available 
for the performance of useful work by a chemical reaction is not always 
equivalent to the heat liberated, irrespective of the efficiency of the process. 
It is the available (metabolically-usahle) energy which is of importance in 
metabolic processes. Reactions releasing usable energy are termed exergonic 
and those requiring external energy to be supplied are termed endergonic. 
Most dissimilation (catabolic) reactions are exergonic. Thus the complete 
oxidation of 1 g.-mol. (180 g.) of glucose to COg and HgO liberates energy 
equivalent to 686,000 cal. of heat ; in other words, the energy content of 
glucose is 686,000 cal./g.-mol. above the energy content of its oxidation 


adenine 


[^nicotinamide J 
CONH2 



OH 

I 

-P- 

II 

0 


Fig. 552. — Coenzyme-I. (Diphosphopyridine nucleotide, DPN) 


products. To reverse the reaction and synthesise 1 g.-mol. of glucose from 
CO 2 and HgO (as occurs in plants during photosynthesis), energy equivalent 
to 686,000 cal. must be supplied to the system from an outside source. 

A complex molecule has a higher energy content than the atoms or 
simpler molecules from which it is built because of the energy of formation 
of the chemical bonds which hold it together ; this bond-energy is liberated 
when the bonds are broken. The bond-energy of the link between two given 
atoms of a molecule naturally depends on the structure of the whole molecule. 
This point is well illustrated by reference to the very important group of 
organic phosphates, which have the general formula R.PO(OH) 2 , where R 
represents an organic radical derived, for example, from glucose, creatine, 
etc. (see p. 842). 

^^en most organic phosphates are hydrolysed (liberating phosphoric 
acid), energy equivalent to about 2000-3000 cal./g.-mol. is made available 
as heat. In these cases, the bond broken is called a low-energy jphosghate 
bond ; the formulae of phosphates with such bonds are written R — ^ph, 
where — ^ph represents the phosphate group joined to the rest of the molecule 

1 One g.-oalorie (cal. )= heat to raise the temperature of 1 g. of water through T. 
One kg.-c^orie (Cal.) =1000 cal. Cf. footnote on p. 375. 

27* 
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by a low-energy bond.^ But when some organic phosphates (of special 
structural types) are hydrolysed, energy equivalent to about 12,000 cal./g.- 
mol. is made available. These phosphates contain high-energy 'phosphate 
bonds ; their formulae are written Rr^ph, where '^ph represents a phosphate 
group joined to the rest of the molecule by a high-energy bond. 

The metabolically-important phosphates of each type are : 

(i) Low-energy : glucose-1 -phosphate and glucose-6-phosphate ; fructose- 
diphosphate ; phosphoglyceraldehyde ; monophospho-glyceric acid ; adeno- 
sine monophosphate (AMP). 

(ii) High-energy: the second and third phosphate bonds of adenosine 
triphosphate (ATP) ; creatine phosphate ; diphospho-glyceric acid ; phospho- 
pyruvic acid ; acetyl phosphate. 

Thus : 


phosplioric acid 

HO— P0(0H)2 

HO— ph 

1 low-energy 

phosphate bond 

creatine 

phosphate 

creatine/^ph 
(full structure 

Fig. 570, p. 892) 

1 high-energy 
phosphate bond 

adenosine 

monophosphate 

(AMP) 

adenosine — ph 

1 low-energy 
phosphate bond 

adenosine 

diphosphate 

(ADP) 

adenosine — ^ph^ph 

. 

1 low-energy, 

1 high-energy 
phosphate bond 

adenosine 

triphosphate 

(ATP) 

adenosine — ^phr^ph^^ph 
(full structure 

Fig. 553) 

1 low-energy, 

2 high-energy 

phosphate bonds 


R6lb of High-Energy Phosphates. — These high-energy phosphates are 
important in metabolism for the following reasons : 

(a) The phosphate group may be transferred directly to another organic 
molecule without much of the high energy of its bonding being dissipated as 
heat. The product is a phosphorylated molecule ; it may or may not have a 
high-energy phosphate bond, depending on its structure, but it has a total 
energy content exceeding that of the won-phosphorylated molecule by 

^ The symbol ph for phosphate is not to be confused with pH (lo^ of hydrogen-ion 
concentration (p. 89)). 
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3000-12,000 cal./g.-mol. Examples are tte interaction of ATP with glucose 
(p. 845) , , . 

glucose + adenosine — ^ph/^ph^ph 
(ATP) 

glucose — ^ph + adenosine — ph/-^ph 

(glucose-6-phosphate) (ADP) 

and with creatine (pp. 429, 893) 

creatine + adenosine — ph-^ph-^ph 

^ creatine/^ph + adenosine — ph--^ph 
(creatine phosphate) (ADP) 

It must again be emphasized that a molecule formed by phosphate transfer- 
ence from a compound with a high-energy phosphate group does not necessarily 
have a high-energy phosphate group itself, though the whole molecule is raised 
to a higher energy level ; only the special phosphate structures listed previously 
have high-energy phosphate bonds. 

(b) If the overall dissimilation processes of metabolism are imitated in a 
test-tube, the liberated energy is dissipated as heat. In the body, this energy 
of dissimilation, instead of immediately being lost as heat, is used to synthesise 
compounds containing high-energy phosphate bonds (e.g, ATP) ; these com- 
pounds are stored, and the energy ‘‘ locked-up in them is utilised as 
required (see (c) below). The mechanism of the process is believed to be as 
follows : phosphate compounds containing low-energy phosphate bonds 
undergo reactions (usually oxidations) that convert them into other derivatives 
containing high-energy phosphate bonds; the resulting phosphate groups, 
with their attendant high energy, are then used to phosphorylate ADP, 
giving ATP. The energy of the dissimilation has thus been “ channelled ’’ 
into the products of the reaction. For example, the direct oxidation in vitro 
of phosphoglyceraldehyde to phosphoglyceric acid liberates energy as heat ; 
but in the body, this stage of the dissimilation of carbohydrate proceeds thus 
(see also p. 848) : 


ph— G.CHO 

(phosphoglyceraldehyde) 


ph— G.COOH 

(phospho-gly ceric acid) 

+ ATP 

(usable energy as ^ph) 

[ADP takes up the /-^ph 

(c) High-energy phosphate appears to be the sole source of energy that 
cells can use directly. It is used : (a) to eiBfect chemical synthesis ; (/5) to 
perform work (muscular, osmotic, secretory) ; (y) to liberate heat (by 


OH 


+ HO — ^ph 
^ 

(phosphoric acid) 


+ ADP 


ph— G.CH 




\ 


0 — ph 

oxidation 

(-2H) 


pli— G.CO.O^pli 

(diphospho-glycerio acid) 


to form ATP] 


[G=— OGHj-CHOH— ] 
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hydrolysis) (maintaming the body temperature but thereby dissipating the 
metabolic energy). The energy of muscle contraction is believed to be 
derived directly from ATP (p. 429). 


[adenine] 

NH, 



OH OH OH 

I I I 

CHoO — P ~ P — 0<^P — OH 

II II II 

j 0 0 O 

[triphosphate] 

[ribose] 

Tig. 553. — Adenosine Triphosphate (ATP). 


Structure of Glucose, Fructose, and Glycogen. — The structural 
formula of glucose is shown in Fig. 554. It contains a pyranose ring system 
(5 C atoms and 1 0 atom) ; the 6 C atoms of glucose, numbered from (1) to 
(6) as shown, carry hydroxyl (—OH) substituents and can form phosphate 
esters (— 0 — ph). 

Fructose (an isomer of glucose) also contains a pyranose ring, but its 
phosphate esters are derived from a modified, more reactive, furanose ring 
system (4 C atoms and 1 0 atom). 

Glycogen consists of many hundreds of glucose units linked together 
(with elimination of the elements of water) through glycoside linkages 
(C — 0 — C). The linkage may be between Cqj of one unit and of an 
adjacent unit (a 1 : 4 linkage) giving a straight chain, or between C(i) of one 
unit and of another (a 1 : 6 linkage) giving a branched arrangement. 


CH2OH 

®c-o 

\hCoh) 

4/ (\) 

OH 

Fig. 554. — The Structure of Glucose. 


®Xo- 

.c- 


convenbionally 

represented 


CH2OH 

f ^OH 


OH 


Both types of linkage (and possibly others) occur in glycogen, which is thus 
a large ramified molecule (Fig. 555). 

Uptake of Blood Glucose to formGlucose-6-Phosphate. Hexokinase 
Reaction. — (1) Glucose is not directly metabolized in the body. It is first 
rai^_to a higher ' enefgy”"^!^^^ thus ‘‘ taken into the metabolic 

machinery ” of tissue cells) by conversion into glucose-6-phosphate. This 
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CH2OH CH 2 aH CH2OH 



OH OH 

Fig. 555. — ^Tiie Structure of Glycogen. 


up-^e of phospliate is called phosphorylation,'^ not to be confused with 
pEospEdroIjsiF^e p. 847JI 

The responsible enzyme is c&lled hexokinase ; it specificanjr ac tiva tes. ’ ^ ^ 
t he glucose molecule to re cei ve phosphate from adenosine t riphosphat e 
(ATr), thus : 

glucose + adenosine — ph^ph^ph 
(ATP) 

hexokinase 

^ glucose — ^ph + adenosine — ph--^ph 

(glucose-6- (ADP) 

phosphate) 

61ucose-6-phosphate has a low-energy phosphate bond ; but since the w hole 
ifibiiggtrte" a^liigh ^JjnergyT^ t han glucose, the„i^aMnase reaction 
is i rreve rsiSle, Free bipod glucose is regenerated (mamly in the liver y from 
glucose-G^^osphate^bj^ direct hydrolysis, xmdieT the influence of an enzyme, 

rSactr^^^^ is irreversijh- 

glucose-6-phosphate -j- water 
phosphatase 

> glucose + phosphate (+ energy wasted as heat) 

It has been suggested that the effects of anterior pituitary factors, adreij^l 
corticdids'a^hff' miuM" on “ glucose may be due in pari to Jheir 

‘ influence^MThe to (pp.’ 9I2r, 937). 

(2) If ATjPJs^ con tihue^fe fu nction as an energy dowpr mrihe hpxp^ 
r eactionri t mustl&e steadily re-formed by^^^ phosphorylation of ADP. In 
muscled the ne cess ary high-e nergy phosphate groupings (--^ph) are provided 
by the stored creatine ph osphate (pp. 429, 893), thus : 

creatine-^ph + adenosine — ^ph^ph 
(creatine phosphate) (ADP) 

^creatine + adenosine — ph^ph^^ph 
(ATP) 

(3) Below ’’ the level of glucose-6-phosphate, the metabolic histories of 
glucose and glycogen are identical. The energy levels of glucose-6-phosphate, 

^ Cf. phosphorylation in the absorption of glucose from the intestine (p. 836) and the 
renal tubule. 

* This resounding term, “ activates,” gives the impression of conveying meaning without 
of course explaining what is as yet not understood, i.e. how the enzyme really acts. 
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follow apply mainly to processes in skeletal muscle and liver, but probably 
similar changes occur in other tissues. 

The dissimilation occurs in two main stages : 

(A.) T he breakdown of glycogen (or of glucose via glucose-6-phosphate)^ 
pvruvicTcid. 

(B.) The furth er t ransform ations of pyruvic agid. 

Fig. 556 shows the known steps of stage A. 

(A.) Glycogen or Glucose to Pyruvic Acid. — (1) Glycogen->Glucose- 
1 -Phosphate (process: phosphorolysis ; enzymes :■ phosphorylases ; reaction 
is reversible). Phosphorolysis involves sphtting the glucoside Jinkage ^ 

glycogen by orthophosphbrio acid j^I^P0^7 at1;ac]nng 

ah C(i) ‘6r^e~uhit7an — to the adjacent unit (Fig. 557). Phosphorolysis 

Glycogen chain 


CH^OH CHeOH 



CH2OH CH2OH 



OH OH 


glucose - 1 - phosphate 

Fig. 567. — The Phosphorolysis of Glycogen to give 
Glucose-l-Phosphate. 

should be compared with hydrolysis, where splitting is accompanied by the 
addition of the elements of water, H — 0-H {e.g. the hydrolysis of starch or 
glycogen by amylases). Phosp horolysis d iffers from hydrpjysis.in t^^ 
ing ways : (i) hydroljrsis liberates energy as waste heat ; phpsj)horolygis 
giver~a prod uct (in this "case, ^ucose-l-phosphate) with^apjrQ^pLahelyJh^ 
5S5ne er^rgy^~l&vd as the substrate (glycogen) ; (ii) Ey;^ojysis_,„is ^ usually 
irreversible becau se _b f the en ergy change ; phgsphorpjysisis 

(YT Ij-lucosb ■ LThosphate-^G^ - 6 - Phosphate (process : inira- 
molecular phosphate transfer ] enzyme : pkosphoglucolm^e ; reaction is 
reversible). The low-energy phosphate group is transferred from C^) to 
C( 6). The metabolic paths of glycogen and glucose join here (see p. 845). 
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(3) Glucose-6-Phosphate-^Fructose-6-Phosphate (process : isomeriza- 
tion ; reaction is reversible) ; its significance is unknown. 

(4) Pructose-6-Phosphate->Fructose-1 : 6-Diphosphate (process : 
phosphorylation), raising the molecule to a higher energy level, utilising a 
high-energy phosphate bond ('^ph) from ATP. 

fructose — ph ■+■ adenosine — ph'^ph^ph 

>■ ph — fructose — ph + adenosine — ph/-^ph 

(5) Fructose-Diphosphate->2 Mols. of Triose-Phosphate (process : 
cleavage ; enzyme : zym6hexase \ reaction is reversible, little energy change). 
The triose (3 C) compound phospho-glyceraldehyde is ultimately formed. 

(6) Phospho-Glyceraldehyde-^Phospho-Glyceric Acid. This re- 
action can be considered as occurring in three stages (hypothetically-distinct, 
see section on phosphate energy, p. 843) : 

(а) phosphoglyceraldehyde + H 3 PO 4 diphosphoglyceraldehyde. 

( б ) diphosphoglyceraldehyde + Coenzyme-I (Co-I) 

diphosphoglyceric acid + Co-I. 2 H 

(c) diphosphoglyceric acid + adenosine diphosphate (ADP) ->• 
phosphoglyceric acid + adenosine triphosphate (ATP). 

Stage (a) involves the non-enzymic addition of phosphoric acid to phospho- 
glyceraldehyde. The pathways for glucose and glycerol (from fats) join here. 

In stage ( 6 ), dehydrogenation of the addition product occurs (enzyme : 
triose-phosphate dehydrogenase) to give diphosphoglyceric acid, which has one 
of its phosphate groups associated with a high-energy bond. The hydrogen 
from the dehydrogenation is passed directly to coenzyme-I (Co-I) (see Fig. 556, 
p. 846). It might be thought that the sequence of reactions described 
above would have to stop when all the coenzyme-I (Co-I) had been reduced 
to C 0 -I. 2 H. However, it is permitted to continue because the reduced 
coenzyme is reoxidised by transferring its 2H either (a) directly to pyruvic 
acid (under anaerobic conditions only, see below), or (^) through a chain of 
E acceptors until it is finally disposed of by uniting with molecular oxygen 
to form water (for details, see p. 854). 

In stage (c) the high-energy phosphate group of diphosphoglyceric acid 
(together with its energy bond) is transferr^ to a molecule of ADP, raising 
it to the higher energy level of ATP. The energy liberated in passing from 
phosphoglyceraldehyde to phosphoglyceric acid has thus been retained within 
the system and used to synthesise ATP from ADP and phosphate. 

(7) Phospho-Glyceric Acid-^Phospho-Pyruvio Acid (processes : re- 
arrangement, followed by dehydration), Phosphopyruvic acid has a high-energy 
phosphate bond ; phosphoglyceric acid has not. 

( 8 ) Phospho-Pyruvio Aoid->Pyruvic Acid (process : transference of 
high-energy phosphate from phosphopyruvic acid to ADP, giving ATP). 

It should be reinembered that each glucose unit of glycogen gives rise to 
two molecules of triose and subsequent products. T hus the dissimilation of 
one glucose unit of gly cogen to two molecules of pyru^c acid gen^ates energy 
sufficient to be bound as /owr high-energy bonds in four newly- 

formed ATP molecules (two formed at step 6 (c) and two at step 8 ). But 
one ^ph from ATP is used (in step 4) to raise the energy content of the 
reactant to a l evel high enough to init iate th e chain of dissinodlation reactions. 
Therefore the net release of metabolically-available energy is three high-energy 
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phosphate bonds (approx. 36, OCX) cal.) per g.-mol;_pf_glucose. If tlie process 
star^^f5^m*ffee blood glucose, tbe net release^ bnlj two high-energy phosphate 
SoMj^rsmjse tbe ~^pH" 6 f^ is used in the hexokinase rea ction (pT844). 

(B.) Fate of Pyruvic Acid. — ^Pyruvic acid, CH 3 .CO.COdH, is a key 
substance in metabolism. It is a me tabolic, stage -..wkiclL is reached by all the 
foodstuffs (^.e. pjoioin andfat, as well as carbohydrate) either directly o r through 
comm on inte rmed iates (see Figs. 558, 562, 569). 

(1) Con version OF Pyruvic Acid to Lactic Acid. — This conversion is 
of importance because If occurs m skeTetal muscle working under conditions 
of absolute or relative oxyg en lack, e.g. in isolated mu^]n,nontracting^i^^ 
atmosphe: e of nitiroge^ of mT worKng muscles during maximal exer cise. In 
the presence of adequate oxygen supplies, no lactic acid is formed ; ^pyruvic 
acid is broken down througE^bmpOGLcated to COg and HgO 

(p. 850), and the reduced coenzyme (Co-I. 2 H) is steadily reosidised to Co-I 
so that it can cohtmue to function asTiydrogen-carrier m stage A. ( 6 b). In the 
absence of adequate oxygen supplies all the Co-1 would'sdbn be put out of 
action as it would all have been converted to the reduced form, Co-I. 2 H. 
But in these circumstances, pyruvic acid acts as a temporary R carrier (acting 
in place of the molecular o^gSi which is hdlf' a vairaBre),ntX''p acid 

dehydrogenates (oxidizes) the (reduced) Co-I.2H back to (oxidized) Co-I ; 
the latter can then continue to act as hydrogen carrier in_the energy; 
mobili zing reactions Teading'To" ffie “formation 'of ''rhoje “pyxuviQ. ac^ 
pyruvic acid’itself is reduced to lactic acid, 

xjo-i;2H^ + ms:co\x5ooTs,^ ^ co-i + cH3.cH0H.c00H 

pyruvic acid. lactic acid. 

Thus urider arigergbic conditions, all the muscle glycogen canjbe ^qken^^Vii 
into lactic acid to yield energy wi thoht'ffie, satmated 

with^JtL and so put out ot actionX^ig. 556). 

""‘The reaction pyruvic acidv^lactic acid is reversible: the same enzyme 
and coenzyme are involved whichever way the reaction is moving. If a 
muscle forming lactic acid is re-supplied with enough oxygen, or the lactic 
acid circulates to a point of greater oxygen availability, the reaction is 
reversed and lactic acid is reconverted to pyruvic acid, thus : 

CH3.CHOH.COOH + Co-I — CH3.CO.COOH + C0-I.2H 
C0-I.2H Co-I -f 2H 

2H (through many intermediate carriers, see p. 854) + mol. 0 — ^ HgO 

The enzyme concerned is called muscle lactic dehydrogenase simply because 
it hafheehrmamry 'sfudied“nf the"Iactic acid^^ acid' directionr^^^WTren 

thuTenzymelshatalYsm^ feverse reaction it is catalysing the of H 

and would be more appropriately called a hydrogenase (but enzyme term- 
inology must be taken as it is, with all its imperfections). 

It is important to realize that the details of glycogen dissimilation down 
to pyruvic acid set out in A (l)-’( 8 ) above come mainly from experiments done 
under ancerobic conditions, i,e, conditions under which only lactic acid, and 
not pyruvic acid, appears. On the whole, opinion favours the view that the 
stages in the aerobic pathway leading to pyruvic acid are t he'same as the initial 
stages Tea^g“tO“ia'ctr^^ Lei that tfe“scheme is“fdn oxidativeIy"as 
weU as anaerobically, but there is no certainty about this ; alternative path- 
ways from glycogen to pyruvic acid may play some part. 
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(2) Dissimilation of Pyruvic Acid to CO2 and HgO. — Mechanism of 
CO 2 Formation, Decarboxylation} — It has been emphasized that molecular 
oxygen does not unite directly with hydrogen of the substrate, but that 
the hydrogen must pursue a complicated route to reach molecular oxygen to 
form water (p. 854). Likewise, molecular oxygen never unites directly with 
carbon of the substrate to form carbon dioxide. CO 2 is always liberated by a 
process of enzymic decarboxylation, i.e. CO 2 is split off from the carboxyl 
group ( — CO OH) of intermediate organic acids. 

The details of these reactions arc obscure, but the following points appear 
established : 

Decarboxylation may be either non-oxidative or oxidative : 

(i) Non-oxidative, i.e. COg alone is split off, thus : 

CH3.CO.COOH > CH3.CHO + CO2 

pyruvic acid. acetaldehyde 

(ii) Oxidative, i.e. in addition to the liberation of CO 2 , dehydrogenation 
(oxidation) also occurs, thus : 

CH3.CO.COOH + H2O + Co >- CH3.COOH + CO2 + Co.2H 

pyruvic acid. (coenzyme) acetic acid. 

Oxidative decarboxylation is irreversible ; it generates energy which is bound 
as the high-energy phosphate bond of ATP, and requires the presence of a 
hydrogen carrier (usually Co-I). A further coenzyme, cocarboxylase, is 
required for both types of decarboxylation ; cocarboxylase is a phosphate 
derivative of aneurin {thiamine, vitamin-Bf) — another example of a vitamin 
participating in a fundamental enzyme system (p. 1026). 

The first dissimilation reaction of pyruvic acid is its oxidative decarboxy- 
lation to acetic acid and CO 2 ; complex changes, including two further 
decarboxylations, follow, and ultimately all the C of the substrate is liberated 
as COg (Fig. 568). 

CO 2 Assimilation. — Some non-oxidative decarboxylations are reversible, 
i.e. the enzymes involved can catalyse COg uptake {assimilation) as well as 
CO 2 liberation. Thus the following important reaction of pyruvic acid is 
known to occur (enzyme : p. carboxylase), giving oxaloacetic acid : . 

CH3.CO.COOH + GOg ^ COOH.CHg.CO.COOH 

pyruvic acid. oxaloacetic acid. 

CO 2 is not always a final waste product of metabolism ; it may be used as a 
molecular building material, as in this and many other examples (cf. urea, 
p. 887 ; purines, p. 897). 

Details of Pyruvic Acid Dissimilation. Tricarboxylic Acid Cycle. — One 
might have thought that pyruvic acid would simply lose successive C atoms 
in the form of COg, as set out above. But the normal route of dissimilation 
turns out to be a quite unexpected and complicated one. The route is as 
follows (see Fig. 558) : 

(i) By a process of OOg assimilation {carboxylase reaction) one molecule of 
pyruvic acid takes up one molecule of CO 2 to form oxaloacetic acid (4C ; two 
CO OH groups = a dicarboxylic acid). 

(ii) Another molecule of pyruvic acid undergoes oxidative decarboxylation 
to acetic acid (2C ; one COOH group). 

1 Ochoa, Physiol. Rev., 1960, 31, 66, 
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(iii) The acetic acid then unites with the oxaloacetic acid to form a 6C 
compound with three CO OH groups, i.e. a tricarboxylic acid, almost certainly 
citric acid. 

(iv) By means of two decarboxylations and related oxidations, this 6C 
acid is degraded through a 5C compound to a 40 compound. ^ 

The equivalent of the three C atoms present in one of the original molecules 
of pyruvic acid is thus converted into, and given off as, three molecules of 
COg. 

(v) The 4C residue (from the 6C compound) is oxidized back into oxalo- . 
acetic acid ; the latter (as in (iii)) unites with a second molecule of acetic acid 
(from another molecule of pyruvic acid) to re-form the 60 acid, and so on. 
The whole process is thus cyclical, with oxaloacetic acid acting “ catalytically.” 
(The above steps are indicated in Fig. 558 by the appropriate numbers.) The 
system, which has been demonstrated in many tissues, is variously labelled 
the tricarboxylic acid cycle, the citric acid cycle, or the Krebs cycled 


GLYCOGEN 



The structures of some of the known intermediates of the cycle are shown 
in Fig. 559. The citric acid cycle is, properly speaking, a system of enzymes, 
not of substrates ; however, it is found convenient to think of it in terms of 

1 After H. A. Krebs, who originally propounded, and found experimental evidence for, 
the system. This investigator also gives his name to another cyclical enzyUae system— 
— ^the Krebs urea cycle (p. 886). 
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substrates, since most of the individual enzymes concerned have not been 
isolated. 

Each time the circuit is completed, one molecule of pyruvic acid 
(CH3COCOOH) is dissimilated, 3 molecules of COg are evolved and 10 atoms 
of H are passed to oxygen (5 0) via coenzyme hydrogen acceptors ; the 
cycle only acts under cerobic conditions. 

During this process of dissimilation the total energy of oxidation of the 
pyruvic acid is made available. The energy so released is bound as the high- 
energy fhosphate bonds of newly formed ATP : the mechanisms are presum- 
ably similar to those operating during the breakdown of glucose to pyruvic 
acid (p. 848). It is found that the complete dissimilation of 2 molecules of pyruvic 
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Fig. 569. — Some important Intermediates of the Citric Acid Cycle. 
Cf. with Fig. 669. (Diagram by J. B. Jepson.) 


acid (i.e. 1 glucose unit) results in the formation of approximately 40 high-energy 
phosphate bonds (40 molecules of ATP), or more than 10 times the energy yield 
of the breakdown from glucose to pyruvic acid. Thus the aerobic phase yields 
10 times more energy in useful form than does the anaerobic phase. 

The cycle is probably unidirectional as shown ; components of the cycle 
can ‘‘ escape ’’ as pyruvic acid by reversal of the carboxylase reaction, step 
(i), Fig. 558 (see (4) below). 

(3) Reconversion of Pyruvic Acid to Glucose or Glycogen. — The 
dissimilation of glycogen (or glucose-6-phosphate) down to pyruvic acid is 
reversible} Thus pyruvic acid (or any earlier intermediate) can be rebuilt 
into glycogen or blood glucose (glucogenesis). The dissimilation process 
from glucose to pyruvic acid liberates energy ; therefore the reverse process 

^ This is not to say that all the individual enzyme reactions are directly reversible — 
inost of them are, and “ by-passes are available for the others. 
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of glucogenesis (wMch occurs mainly in the liver) will require an equal amount 
of energy to be supplied back. This energy is provided by ATP ; this sub- 
stance which contains high energy phosphate bonds has itself been built up 
from other energy-liberating reactions, e.g. from the complete oxidation in the 
liver of a small proportion of the avadable pyruvic acid. The complete 
oxidation of 2 molecules of pyruvic acid or lactic acid provides enough energy 
to rebuild 10 molecules of pyruvic acid into 5 molecules of glucose. 

(4) Utilization of Pyruvic Acid in Protein and Fat Synthesis. — 

(i) It will be shown (p. 888) that many amino^acids after deamination are 
transformed directly or indirectly into acids which participate in the Krebs 
cycle (Fig. 558).^ In this way they ‘‘ go round the cycle ” to form oxaloacetic 
acid and are either dissinulated or else give pyruvic acid, and so may 
ultimately be built into glycogen or glucose. 

(ii) Conversely, these constituent acids of the cycle (formed from carbo- 
hydrate via pyruvic acid) may be aminated (gain NHg) to form amino-acids 
which may then be used in protein synthesis, thus : 

CHg.COOH animation CHo.COOH 

• j ^ ^ I — I ^ proteins 

CO.COOH deamination dH(NH 2 )COOH 

oxaloacetic asp^ic 

acid acid 

(iii) Similarly, carbohydrate and/aJ metabolism have a common meeting 
point in the Krebs cycle (Fig. 562). Pyruvic acid is oxidatively deoarboxy- 
lated to acetic acid (p. 850) ; acetic acid (or some closely related 2C compound) 
is also the chief product from fatty acid oxidation (p. 871), bringing fat into 
the carbohydrate pathway. The reverse reaction synthesize fatty acid 
by combination of acetic acid units obtained from pyruvic acid (p. 874). 

(iv) The glycerol for combination with fatty acids to give neutral fats 
can also be synthesised from carbohydrate by the reduction and hydrolysis 
of phosphoglyoeraldehyde, an intermediate on the chain of reactions from 
glucose to pyruvic acid (p. 848). 

In these ways, proteins, fats, and carbohydrates are interconvertible. 

Common Metabolic Pool. — The elucidation of the metabolic pathways 
of the three main groups of foodstuffs and body components has led to the 
following important conception : that, after initial modifications in the first 
stages of metabolism, the carbohydrates, proteins, and fats become incor- 
porated into a system of common carbon fragments no longer distinguishable as 
to origin. This system is termed the “ common metabolic pool,’^ and is based 
mainly on the citric acid cycle. Varioua reversible and irreversible processes, 
forming other cycles, govern the operation of the central metabolic system. 
If one typ)e of fragment is lacking when needed, or is present in excess, then 
appropriate cycles are set in motion in such a manner as will produce that 
fragment, or dissimilate it. 

The entry and exit of carbohydrates, fats, and proteins to and from 
the “ common metabolic pool ” are discussed above and on pp. 874 and 887. 

Similarly, each distinct reversible metabolic cycle constitutes a ‘‘ body 
pool ’’ for a given compound, e.g. the body glucose pool, the amino-acid 
pool ; the use of isotopically labelled molecules has contributed largely 
to our knowledge of these metabolic cycles (p. 908). The size of an individual 
pool can be measured by an isotopic dilution technique. The amount of 
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substance thus measured is not solely the amount of free substance distributed 
throughout the body but also includes the amount which could be manu- 
factured reversibly by the operation of other cycles. For example, the “ body 
glucose pool ’’ would include some portion of the liver glycogen as well as 
all the free glucose of the body fluids. The meaning of the word ‘‘ pool ” is 
thus determined by the measurement techniques that are employed. 

Transmigration of Hydrogen to Unite with Molecular Oxygen to 
forni Water. — When we took temporary leave of the hydrogen released 
from various substrates by the action of dehydrogenases (pp. 848, 852) it 
had become attached to a coenzyme hydrogen acceptor, namely coenzyme-I 
(DPN) (or in certain cases, coenzyme-ll (TPN) or a flavin (see below)). The 
subsequent transfer of hydrogen to molecular oxygen involves the mediation 
of a fiavofTotein^ cytochrome, and cytochrome oxidase, a group of substances 
shown by the spectroscope to be widely present in cells. 

Flavoprotbins. — These are enzymes which catalyse the transfer of 
hydrogen from reduced-coenzymes to the prosthetic group of the enzyme 
(p. 840). This prosthetic group is a yellow pigment called (or more 

exactly, flavin adenine dinucleotide, FADN) ; it is a derivative of riboflavin 
(vitamin-Sg) — another example of the metabolic function of B-group 
vitamins (p. 1028). 

Co.2H + flavin Co + flavin.2H 

Cytochrome. — This pigment^ is a conjugated protein carrying an iron- 
containing porphyrin prosthetic group called cytochrome porphyrin. The latter 
is allied to, but not identical with, the hsem group of haemoglobin (p. 173) 
and it is bound to a protein which is not globin. In view of the fact that 
haem and the porphyrin group of C}d}Ochrome resemble each other so closely, 
it is remarkable that the haemo-proteins derived from them differ so funda- 
mentally in their functions. Cytochrome (Cyto.) accepts hydrogen from 
reduced flavin, thus being itself reduced (for mechanism see below) : 

flavin.2H + Cyto. flavin + Cyto.2H 

The hydrogen is then transferred to the enzyme cytochrome oxidase, thus 
regenerating oxidized cytochrome. 

Cytochrome Oxidase. — This enzyme is so called because it catalyses 
the transfer of hydrogen from reduced cytochrome to its own “ built-in ” 
carrier (prosthetic group), which is another iron-vorphyrin, similar to, but 
not identical with, haem or cytochrome porphyria. Reduced cytochrome 
oxidase transfers its hydrogen to molecular oxygen to form water (for 
mechanism, see below). In this way cytochrome oxidase is restored to its 
oxidized form (CyOx), and the hydrogen from the substrate reaches its final 
resting-place by combining with oxygen derived from the air to form water. 

Cyto.2H -f CyOx ^ Cyto. + Cy0x.2H 

CyOx.2H + ^0, ^ CyOx + H^O 

Hydrogen Transfer in Terms of Electron Transfer. — The above 
scheme of hydrogen transfer is an oversimplified account. In terms of modern 
chemical theory, the fundamental process involved is electron transfer. 

^ Several related cytocliromes appear to exist, with similar functions but different 
specificities. We sliall treat them as one. 
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A hydrogen atom removed during a dehydrogenation reaction undergoes 
acidic ionisation ” to give a proton (positively charged, denoted by H+) 
and an electron (equally b^ut oppositely charged, denoted by s'). 

H ^ H+ + e' 

atom proton electron 

The term oxidation is applied to a reaction in which a substance loses electrons 
(as well as, of course, to a reaction in which 0 is gained or H lost) ; similarly, 
a gain of electrons is termed reduction. Thus, considering the two forms of 
combined iron, ferrous (Fe++, reduced form) and ferric (Fe+++, oxidized 
form), we have 

— s' 

(reduced) Fe++ ^ Fe"^^ (oxidized) 

This is equally the case with iron-containing cytochrome (Cyto-Fe+++) and 
cytochrome oxidase (CyOx-Fe+++) : 

H (from substrate via Co and flavin) H+ -f s' 

Cyto-Fe+++ _|- s' ^ Cyto-Fe++ 

Cyto-Fe++ + CyOx-Fe+++ ^ Cyto-Fe"*^ + CyOx-Fe^^- 

Reduced cytochrome oxidase ,GyOx-Fe++, has the unique property of trans- 
ferring an electron to molecular oxygen : 

2 0y0x-Fe++ + ^02 — 2 CyOx-Fe+++ + 0^ 

Protons from the initial ionization then react with the negatively-charged 
oxygen to give water: 

2H+ -f 0" — ^ HgO 

REGULATION OF BLOOD GLUCOSE. LIVER AND 
" — CCT^BUHTOR^ 

Normal Blood Glucose. — The normal morning fasting level of blood 
glucose is 80-100 mg-%. After a meal containing carbohydrate the level 
rises temporarily to a varying extent, but does not normally exceed 180 mg-%. 
The changes in blood glucose which follow the ingestion of 50 g. of glucose 
{glucose tolerance curoe) are described on p. 922. 

As glucose is a readily diffusible substance it is distributed fairly uniformly 
throughout the 50 L of body fluids, both extracellular and intracellular. 
With a blood glucose level of 100 mg— %, the total glucose content of the whole 
circulating blood (5 L) is only 5 g., but the total glucose content of the body 
fluids is 50 g. Isotope dilution methods show that the body “ glucose pool ” 
also includes the amount of glycogen which is available for rapid and reversible 
conversion into blood glucose. The comparatively large size of the glucose 
pool ” enables it to serve as a buffer ” to minimize variations in the blood 
glucose level. For example : irrespective of the carbohydrate intake, the 
peak rate of sugar absorption from the intestine in man is not more than 
120 g. per hour. If all this 120 g. of sugar were absorbed instantaneously, the 
rise in the sugar content of the blood and body fluids would only be 
120 g./50 L=240 mg-%. Similarly the “ glucose pool ’’ can function as a 
‘‘reservoir” when glucose is being withdrawn by the tissues, e.g. during activity. 

Glucose normally enters the blood (and body fluids) from the intestine and 
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the liver ; it passes out into the liver and tissues where it is deposited as 
glycogen, dissimilated, or transformed into fat. Many and complex 
mechanisms are in constant operation to preserve the relative constancy 
of the blood glucose level under all normal circumstances. They are briefly 
reviewed on p. 860. 

The role of the liver is discussed below. 

Relation of Liver to Regulation of Blood Glucose. — Glucostatic ^ 
Function of Liver. — The liver in the intact animal maintains the normal 
level of the blood glucose in three main ways : 

(i) By regulating_the_ 3 ^emible.xeactipn blood glucose ;F^liver glycogen. 

It shouKnBe^ noted that glycogen can also be formed from other hexose 

sugars (fructose and galactose) and from products of partial dissimilation of 
glycogen, especially lactic acid (p. 837). 

(ii) By regulating new glucp^ejfojma^^ (neoglucogenesis) mainly from 
non-nitrogenous residues of amino-acids derived from protein, and also to 
some extent from the glycerol derived from fat. 

(iii) By regulating the removal of glucose from the blood and its deposition 
as fat in the liver." 'The"Tat"cari subsequently be stored as fat in the depots, 
or^lifansformed into ketones and distributed to the tissues for dissimilation. 

Methods (i) and (ii) are discussed more fully below. The reactions 
concerned are summarized thus : 


AmT> GLYCOGEN -(storage product) 
+ ATP 

h^oJdnase \ glticos|-l -phosphate 
GLUCOSE ^ glucose-6-phosphate 

^\^phospha>tase ^ dissimilation 

hydrolysis pyruvic acid ^ lactic acid 


fats 


^ 

metabolic 

C 

i 

pool 


proteins 


(1) Regulation oe the Reversible Reaction, 6LUCOSEj^(3^ 

(i) GlycogenTEppsi^h '( normally occurs whenever the blood 

sugar level rises, e,g. when hexose sugars are being absorbed from the intestine 
after a carbohydrate meal. 

/ (a) The liver is affected directly by the concentration of blood sugar reaching 
it ; a local rise of blood sugar increases glycogen deposition ; on the other 
hand a fall of local blood sugar stimulates glycogen breakdown and thus sets 
up the ‘‘ secretion of glucose into the blood [infra), 

/(b) Glycogenosis (at a constant blood glucose level) is stimulated by 
insulin (and adrenal corticoids) (p. 946). In insulin deficiency (diabetes 
mellitus) the liver glycogen content is low ; it is restored to normal by insulin 
treatment. 

>{ii) Glycogen is converted into blood glucose (glycogenolysis) whenever 

^ “ Glucostatic ” ; the word is used here to mean “ maintaining the normal range of blood 
sugar level.” 
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the blood glucose tends to fall. The fall of blood glucose not only acts directly on 
the liver but also on the central nervous system, and so indirectly on the liver. 
A fall of blood glucose stimulates brain centres, leading to increased sym'pathetic 
activity and additional secretion of adrenaline and, possibly, to increased 
secretion of diabetogenic factor of the anterior pituitary. The sympathetic 
impulses to the liver acting in conjunction with the hormones, stimulate 
glycogenolysis ; in this way, the restoration of the blood glucose level is aided. 

Liver glycogen content is diminished, as might be expected, in muscular 
exercise, exposure to cold, starvation, and following the hypoglycsemia which 
is produced by insulin injection in the normal animal. The liver response in 
each case is a compensatory reaction to the hypoglycsemia. Stimulation of 
the sympathetic supply to the hver (p. 711), injection of adrenaline (p. 727), 
thyroxine (p. 979), diabetogenic anterior pituitary extracts (p. 937), all of 
which stimulate glycogenolysis, lead to a rise of blood glucose in the otherwise 
normal animal. 

(2) Regulation oe Neoglucogenesis. — By neoglucogenesis is meant 
new glucose formation, i.e. formation of glucose from non-carbohydrate 
sources ; the sources are mainly protein (non-nitrogenous residues of certain 
amino-acids) and glycerol derived from fat. 

(i) The occurrence and hepatic site of neoglucogenesis can easily be proved. 

(а) In the fasting animal, the blood glucose is kept within normal limits 
almost until death occurs. As the liver glycogen store is exhausted in about 
24: hours, the blood glucose utilized by the tissues must be replaced from non- 
carbohydrate reserves, such as tissue protein, or reserve fat, or both. 

(б) Removal of the hver leads rapidly to a fatal hypoglycgemia (p. 824). 
This is not due simply to the ‘‘ amputation ’’ of the hver glycogen because, as 
just stated, exhaustion of the hver glycogen is not foUowed by hypoglycsemia 
in the fastiag animal with an intact liver. In the fasting animal then, the blood 
glucose is being manufactured by the liver from non-carbohydrate sources ; the 
hver is the only site of neoglucogenesis. 

(h) The apparent scale of neoglucogenesis has been calculated as fohows : 
in the liverless dog, glucose must be infused at the rate of 0*25 g. per kg, per 
hour to maintain the blood glucose at the normal level. This is then the rate 
at which glucose (when it is the only metabohte supphed) is used by the tissues 
of the liverless animal. If it could be assumed that glucose is the only 
metabohte supphed to the tissues by the hver in the starving normal animal, 
then this figure would also represent the rate at which the hver is manu- 
facturing new glucose in the starving animal. For a man the corresponding 
rate would be 420 g. of new glucose daily. But there is no doubt that the 
hver in starvation is also forming and supplying ketone bodies to the tissues 
on a considerable scale ; the amount of neoglucogenesis would be corres- 
pondingly smaUer. 

(hi) Sources of Neoglucogenesis. — ^Neoglucogenesis takes place mamly from 
protein and to a smaller extent from the glycerol from fat. 

{a) Protein. — Evidence is set out on p. 888 that many of the amino- 
acids can be converted into glucose. It is reasonable to suppose that such a 
transformation is an important source of the blood glucose in the fasting 
animal (and perhaps to some extent in the normal animal). An injection of 
amino-acids into the hverless animal does not raise the blood glucose ; the 
hver is thus the only site of new glucose formation from amino-acids. 
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(b) Fat, — Glycerol, from the hydrolysis of fats, can be transformed into 
blood glucose by the liver, via phosphoglyceraldehyde which lies on the 
reversible pathway of glucose dissimilation (p. 848). It requires the hydrolysis 
of 8-10 g. of depot or liver fat to provide enough glycerol to yield 1 g. of 
blood glucose by this route. 

There has been much debate as to whether, and if so on what scale, the 
fatty acids derived from fat can also be transformed by the liver into blood 
glucose in the starving animal. In the absence of any known pathway for 
this transformation it is concluded here that the amount of such conversion 
is very small (p. 874). 

There is no doubt, however, that fat plays an important indirect role in 
maintaining the blood glucose level : 

(a) Fatty acids are partially dissimilated in the liver to give ketone 
bodies which are circulated to the tissues ; there they are completely dis- 
similated to yield energy, thus reducing the demand ” on the blood glucose. 

(/?) Fatty acids are completely dissimilated in the liver liberating energy 
which is used locally in the resynthesis of glucose from (for example) circulating 
lactic acid (p. 853). 

(iv) Control of Neoglucogenesis, — Neoglucogenesis^ is regulated so as to 
maintain the normal blood glucose level ; if this level rises, new glucose forma- 
tion is decreased, if it falls glucose formation is increased. Neoglucogenesis is 
regulated by the blood glucose level itself, acting in two ways : 

(а) directly on the liver, 

(б) indirectly by affecting the secretion of certain hormones. 

The hormones which influence neoglucogenesis are : 

(a) insulin, which depresses it, 

(/9) the diabetogenic factor of the anterior pituitary, certain, adrenal 
corticoids, and thyroxine, which stimulate it (p. 859). 

(3) CoOTROL OF Blood Glucose by the Liver. — Claude Bernard regarded 
the liver as an organ of internal secretion, its internal secretion being glucose.^ 
As was shown above, the substances which give rise to blood glucose, i.e. 
glu^ogens, are carbohydrate (glycogen), protein and glycerol of fat ; the last 
two might be labelled neo-glucogens. 

When the blood glucose level tends to fall, the reaction 

All Glucogens Glucose 

(glycogen, amino-acid 
residues and glycerol). 

proceeds at a rate which just compensates for the withdrawal of glucose from 
the blood. When the blood glucose level tends to rise, the reaction (glucogens 
->glucose) ceases and the reactions (glucose-^glycogen) and (glucose-^fa tty acids) 
commence and counteract the rise by removing the excess glucose from the blood. 

An analogy can be drawn between this l5lood glucose regulating activity 
of the liver and the role of the hypothalamus in maintaining normal body 
temperature. Certain centres in the hypothalamus act as a thermostat'. 
they are sensitive to minute variations in body temperature and produce 
appropriate reactions to keep the temperature within the normal ‘‘ pre-fixed 

^ When Claude Bernard gave to the substance which he had extracted from the liver 
the name glucog^nc he was thinking of it as a “ glucogen,^^ i.e, a substance which generates 
glucose to be turned out into the blood stream. Strangely enough the English term 
glycogen which originally was equivalent to the French glucogene has come to refer 
principally to a form of storage. 
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range. Tlie liver can be described as a blood glucostat, reacting to maintain 
the blood glucose witbin tbe range of tbe normal. In both instances there is 
a small time lag before the full effect of the reactions is felt, so that some 
deviation from the “ normal ” may occur imder conditions of stress. 

(4) Hoemonal Conteol of the Glucostatic Function of the Livee. 
— The regulation of the blood glucose by the hormones depends only in part 
(and not wholly) on their action on the liver. The hormones concerned can 
be divided into two groups with roughly opposing actions, namely (i) insulin, 
and (ii) the diabetogenic group which includes the diabetogenic factor of the 
anterior pituitary, adrenal corticoids, and thyroxine. 

(i) Action of Insulin on Liver. — Insulin increases the deposition of 
glycogen, depresses neoglucogenesis, and increases the transformation of 
glucose into long chain fatty acids (hpogenesis) (p. 913). In the absence of 
insulin, hyperglycsemia develops which is due in part to depressed glucose 
utilization by the tissues. The hver, however, is also at fault in the diabetic 
organism, because it does not react in such a manner as would tend to restore 
the blood glucose to normal. The “ correct ’’ hepatic response to hyper- 
glycaemia would be increased withdrawal of glucose from the blood and 
decreased formation of glucose. In the diabetic, however, the formation of 
glycogen and of fat from glucose is depressed ; new glucose formation 
continues at a rate which is equal to, or even exceeds the normal rate ; in 
other words unnecessary amounts of glucose continue to be secreted by the 
liver into the blood. 

(ii) Action of Diabetogenic Group of Hormones on Liver. — This group 
increases the output of glucose by the liver from glycogen and non-carbo- 
hydrate sources (see pp. 937, 945, 979). (The individual hormones, however, 
differ in the details of their action on the liver.) In the absence of these 
hormones a fall of the blood glucose level is a less effective stimulus than 
normally in promoting glucogenesis. There is consequently a diminished 
secretion of glucose by the hver into the blood, which is inadequate to maintain 
the blood glucose level in the fasting animal ; hypoglyccemia develops. 

(iii) Normally the activity of the two antagonistic groups of hormones is 
nicely adjusted as to preserve the normal blood glucose level. A rise of blood 
glucose increases insulin secretion (p. 917) and presumably depresses the 
secretion of diabetogenic factor ; a fall of blood glucose depresses insulin 
secretion and stimulates secretion of diabetogenic factor. If one or other group 
of hormones is put out of action the normal balance is lost, as explained above. 

(iv) In the absence of both insulin and the anterior^ pitmtary 

(its princi^^ntagonisty," a of affairs which is found in an animal froin 
winch Jbqt^^ and the anterior pituitary ' have Te^^ 

( Houssay urn mulCthe ihaih Ye'^lato'rs of the hepatic glucostat are not avail- 
able. The glucostatic activity of the hver is then determined solely by 
the direct action on it of the blood glucose level. Uncontrolled by the action 
of the hormones, the hver reacts imperfectly and with a much greater time 
lag. In the fasting Houssay animal, hypoglycsemia develops (which may be 
rapidly fatal), while after a carbohydrate meal considerable hyperglycaemia 
occurs (cf. p. 938). 

(v) The nervous (sympathetic) supply to the hver is of minor importance in 
blood sugar regulation ; denervation of the hver does not significantly impair 
the efficiency of the glucostatic mechanism. 
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Regulation of Blood Glucose.^^ — ^Noemal Blood Glucose.— S ee p. 855. 

The principal regulatory factors are as follows : 

(1) Alimentaey Canal. — Ingested polysaccharides are slowly broken 
down into glucose, so that absorption is never very rapid. If glucose itself is 
ingested in large amounts it is held up for a considerable time in the stomach ; 
if t^en in still greater quantities it is rejected by vomiting (p. 929). 

^^2) Liver. — The fundamental role of the liver as a blood glucostat was 
fully discussed on pp. 856-858. 

v^(3) Tissues. — The activity of the tissues may either disturb or help to 
restore the blood glucose level. Tissue activity withdraws glucose for dis- 
similation and lowers the blood glucose. On the other hand a rise of blood 
glucose, both by a direct action and by calling forth a secretion of insulin, 
increases dissimilation of glucose, deposition of glycogen, and the transforma- 
tio:i^f glucose into depot fat. 

i/(4) R6le oe Hormones. — The blood glucose level is automatically 
regulated by appropriate responses of certain ductless glands- Their role is 
discussed in the following places : insulin (p. 911) ; anterior pituitary (p. 937) ; 
adrenal cortex (p. 945). 

^/(5) R6le of Nervous System. — The central nervous system plays an 
accessory rather than a major part in these processes. Removal of the 
cerebral cortex or of the entire cerebrum or decerebration through the mid- 
brain all lead to prolonged hyperglycsemia and glycosuria ; this result is 
likewise attributed to sympathetic overaction. ^ 

If any considerable change in the blood sugar occurs, symptoms are pro- 
duced ; those of hypoglycsemia are described on pp. 824, 915 ; those of 
hyperglycsemia are very uncertain.® 

Causes ofHypbrglycjemia. — Hyperglycsemia is due to more glucose enter- 
ing the blood than leaving it. This can occur under the following circumstances : 

(i) Excessive glucogenesis in the liver from glycogen, amino-acids or glyceil^l 
of fat. It may, therefore, follow injection of adrenaline (p. 727), anterior 
pituitary extracts (p. 937) or thyroxine (p. 979) ; or it may develop in 
asphyxia or during anaesthesia. Hyperglycsemia may occur in emotional 
stress, in exophthalmic goitre (p. 991), in acromegaly (p. 935), or in the 
experimental conditions Imown as thyroid and hypophyseal diabetes (p. 918). 
For the same reason, lesions of the brain in man may be associated with 
hyperglycsemia (see above). 

(ii) Depressed utilization of glucose. After pancreatectomy, injury to 
the islet by alloxan, administration of thyroid (metathyroid diabetes) or 
anterior pituitary extracts (metahypophyseal diabetes) (p. 918), or in clinical 
disorders of the pancreas, the hyperglycsemia is due partly to diminished 
glucose utilization and storage (but partly also to excessive glucogenesis). 

At certain levels of hyperglycsemia glycosuria develops (p. 927). 

Causes of HYPoaLYC.®MiA. — Hypoglycsemia can be produced by : (i) 
excess insulin (p. 914) ; (ii) hepatectomy or diminished liver activity (p. 824). 

1 Soskin, Physiol, Pev,, 1941, 21, 140. 

2 The classical observations of Claude Bernard showed that puncture of the floor of 
the fourth ventricle causes hyperglycsemia ; his results were probably due to stimulation of 
central pathways which control the sympathetic supply to the Hver and the adrenal medulla. 

® The effects of hyperglycsemia may be mainly secondary to the changes it produces 
in renal function, e.g, excess loss of water and ions in the urine with consequent anhydrsemia 
and circulatory failure. 
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FAT METABOLISM i 

Chemistry of Fats. — The word li'pide is widely used to refer to certain 
chemical compounds which are insoluble in water but are soluble in the 
so-called fat solvents {e,g. alcohol, ether, benzene, chloroform). ^ The lipides 
of physiological interest can be classified as follows : 

(1) Simple Lipides : the most important are the neutral fats {triglycerides)^ 
i.e, glyceryl esters of fatty acids. 

Triglycerides are formed from one molecule of glycerol and three molecules 
of fatty acid, thus : 


CHoOH 

1 ^ 

HOOC.R 

CH2O.0C.R 

CHOH 

1 

+ HOOC.R' — 

CHO.OC.R' 

j 

CHjOH 

HOOC.R' 

CHaO.OC.R" 

Glycerol. 

Batty acids. 

Triglyceride. 


where R, E', and R"' represent three (possibly different) radicals of fatty 
acids. Diglycerides and monoglycerides are formed from one molecule of 
glycerol and two molecules or one molecule of fatty acid respectively. The 
most common of the many known fatty acids are : 

(i) Palmitic acid, CH 3 (CH 2 )i 4 COOH (a 16 C acid). 

(ii) Stearic acid, CH 3 (CH 2 )ieCOOH (an 18 C acid). 

(iii) Oleic acid, CHg(CH 2 ) 7 CH=CH(CH 2 ) 7 COOH (an 18 C unsaturated acid). 

(1) and (ii) are fully saturated acids ; (iii) is an unsaturated acid, containing 
one double bond, — CH=CH — . Practically all the natural fatty acids con- 
tain an even number of C atoms (as might be expected from their mode of 
synthesis, p. 873). 

Waxes are ^.ters of fatty acids with long-chain alcohols (instead of with 
glycerol, as in neutral fats). 

(2) ^OMPPXJND Lipides : complex compounds formed from fatty acids, 
glycerol (or related substances), and various nitrogen-coniBiimn.g bases, and 
often containing phosphate groups. They are integral parts of the general 
cell structure (p. 866) ; they are present in large amounts in nervous tissue 
(p. 482) ; they are employed in fat transport (pp. 864, 868). 

The chief types of compound lipide are : 

(i) Phospholipides {phosphatide^, containing glycerol, 2 molecules of fatty 
acid (generally unsaturated), phosphate, and a nitrogen-containing base 

{choline, (CH 3 ) 3 NCH 2 CH 20 H, in the case of the lecithins] ethanolamine 
{cholamine), NH 2 CH 2 CH 2 OH, in the case of the cephalins). 

(ii) Sphingomyelins, containing fatty acid, phosphate, choline, and a 
complex base {sphingosine), but no glycerol. 

1 Bloor, Biochemistry of Fatty Acids and Lipids, New York, 1943. Burr and Barnes, 
Physiol. Bev., 1943, 23, 256. Symposium on “ Triglycerides in Human Nutrition,” Brit. J, 
Nutrition, 1949, 3, 350. 

2 In this book, however, the common British practice is followed which is to use the word 
“fat” more vaguely and less correctly as more or less sjmonymous with lipide (see e.g. blood 
fat, p. 865 ; tissue fat, p. 866). The terms lipm or lipoid are sometimes used instead of lipide. 
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(iii) GaJMotolipides (cerebTOsides), containiiig tie monosaccharide galactose, 
fatty acid, and sphingosine, but no phosphate or glycerol. 

(3) Associated Lipides : These are of two main types : (i) Those 
components (the split fats) that are obtained by the hydrolysis of lipides 
[i.e. glycerol, fatty acids, soaps). Soaps are salts of fatty acids, and are 
obtained by the hydrolysis of fats in alkali (saponification). 

(ii) Those components that are associated with the lipides in tissue 
extracts simply because they are dissolved by the fat solvents: mainly 

(a) the steroids (cf. p. 1074), e.g. hormones of the ovary, testis, adrenal cortex ; 
cholesterol (esters of cholesterol with fatty acids are called cholesteiides) \ 

(b) the fat-soluble vitamins (i.e. vitamins soluble in fats and in fat solvents) 

The^fat of food consists mainly of neutral fat, together with small amounts 
of free fatty acid, lecithin, and cholesterol esters. The nutritional importance 
of dietary fat is discussed on p. 1055. 

Digestion of Neutral Fat.— Some hydrolysis of neutral fat takes place 
during cooking and the process may continue to a small extent in the stomach. 

Stomach. — In exceptional circumstances, significant ^ fat digestion may 
occur in the stomach. A fat-splitting enzyme (gastric lipase) is present in 
the pure gastric juice from a Pavlov pouch ; in addition, pancreatic lipase 
may regurgitate into the stomach from the duodenum. The activity ^ of 
lipase in the stomach is obviously restricted, because the enzyme is sensitive 
to free acid and is destroyed by exposure to 0-02% HCl for 15 minutes. 
Fat hydrolysis (lipolysis) may take place in the stomach in cases of achylia 
gastrica and in young suckling animals which ingest large quantities of milk : 
the fat of rnilk is present in an emulsified and therefore readily digested 
form, and it also inhibits the secretion of pstric* acid. 

Small Intestine. — The main digestion of fat undoubtedly occurs in 
the small intestine, the active enzyme bemg predominantly pancreatic lipase 
(which is assisted in many ways by the bile ) ; succus entericus also has some 
lipolytic action. 

It used to be thought that triglycerides had to be completely hydrolysed 
in the intestine to glycerol and three molecules of fatty acid before absorption. 
This is not now beUeved to be the case. 

Lipase hydrolyses triglyceride in stages, splitting off successively each of 
the three attached fatty acid molecules : (i) removal of one fatty acid leaves a 
diglyccfide (containing two fatty acids) ; (ii) removal of the second fatty acid 
leaves a monoglyceride (containing one fatty acid)^ ; (iii) removal of the third 
fatty acid leaves glycerol. Under normal conditions in the intestine, fat 
digestion is incomplete ; the end-products are undigested triglyceride, 
partially split products (di-glyceride and mono-glyceride), fatty acid (derived 
from completely and partially split fat), and glycerol. Lipolysis is initially 
rapid, but soon slows down and finally stops before 30% of the fatty acids of 
the ingested triglyceride has been liberated. • • • 

Lipase is activated non-specifioally by the bile salts (p. 797) ; it is rapidly 
destroyed in vitro by trypsin but is presumably protected from attack in the 
intestine. As the optimum for lipolysis is on the alkaline side of neutrahty 
the activity of lipase is slightly hampered by the normal slight acidity of 
the intestinal contents (yH 5*5— 6*5). Because of this acid intestinal pH, 
none of the fatty acid liberated by digestion is converted into soap. 
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At body temperature food fat is in tbe liquid form as an oil. Tbe speed 
of lipolysis depends on the size of the surface area of tbe oil that is exposed 
to the enzyme. Lipolysis is thus greatly accelerated by emulsification ; in 
an emulsion the fat is divided into small particles which are dispersed through 
the watery phase. The most satisfactory emulsion is one which is stable 
and in which the fat droplets are very minute. In the intestine, neutral fat 
is emulsified by the products of its initial digestion, i,e. by a mixture of the 
lower glycerides (di-glycerides and mono-glycerides) and complexes ” formed 
between the fatty acids and the bile acids {vide infra). These emulsions are 
very fine (the fat droplets are less than 0*5/^ in diameter), and are stable 
at the and under the other conditions of the small intestine. 

Fatty acids are insoluble in water and indiffusihle through animal mem- 
branes. They combine, however, with the bile acids to form a loose chemical 
compound called a fatty acid-bile acid complex which is stable in the 
intestinal environment, water-soluble and diffusible, and can pass through 
the intestinal epithelium. (The bile acids are thus called hydrotropic sub- 
stances ; by uniting with an insoluble substance they make it water-soluble ; 
probably cholesterol and the fat-soluble vitamins (-A, -D, -E) are also acted 
upon by bile acids in this way.) 

Absorption of Fat.^ — The end-products of fat digestion are thus ; 

(i) Mainly (70%) unhydrolyzed, water-insoluble, neutral fat which under 
normal conditions in the intestine has been reduced to a finely emulsified state. 

(ii) Water-soluble and diffusible fatty acid-bile acid complexes. 

(iii) Mono-glycerides and di-glycerides, some soluble and some emulsified. 

(iv) Glycerol, which is water-soluble and diffusible. 

According to Frazer, the water-soluble products, i.e, the fatty acid-bile 
acid complexes and the glycerol are absorbed directly into the portal blood. 
On the other hand the emulsified but water-insoluble neutral fat is absorbed 
via the lining epithelial cells of the intestine into the lacteals and thence 
into the thoracic duct and into the venous blood. This theory is called the 
“ partition hypothesis ” because it supposes that there are two distinct 
routes for fat absorption. Some of the experimental evidence may be cited : 

(i) Fat particles, so-called chylomicrons, can be detected in the systemic 
blood under dark-ground illumination as points of light and counted ; during 
starvation they are scanty, but after a fat meal they increase in number. If 
rats are given well-emulsified olive oil (a neutral fat) the lacteals appear 
milky, and the chylomicron count in the systemic blood rises but that in the 
portal blood remains low. It is concluded that the absorption of neutral 
fat occurs via the lacteals into the systemic circulation. 

(ii) On the other hand, if a mixture of fatty acids and glycerol is admin- 
istered the lacteals remain relatively free from fat but the chylomicron count 
in the portal blood rises sharply ; the fatty acid, on reaching the Uver, is 
retained there and the systemic chylomicron coimt remains low. 

(iii) Only about two-thirds of the absorbed fat can be recovered by 
cannulating the lymphatics, it is argued that the missing third is absorbed 
by some other route, possibly directly into the blood stream. 

(iv) If cetyl sulphate is added to neutral fat introduced into the intestine 
it has two main effects : it produces a very fine emulsion and it inhibits the 
action of lipase. Though in these circumstances the neutral fat cannot be 

Frazer, Brit, med. J,, 1947, ii, 641. Rapor, ibid,, 1949, ii, 719. 
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hydrolyzed to fatty acid, fat is absorbed quite rapidly ; the lacteals soon 
become milky, and fat quickly appears in the systemic blood, whence it is 
deposited in the fat depots but not in the liver. 

The most important prerequisite for the direct absorption of neutral fat 
is its thorough emulsification into particles which are less than 0-5^ in 
diameter ; it is normally only in the presence of mono-glyceride, fatty acid, 
and bile salt that this fine emulsion can be maintained. 

In some unknown way these emulsified neutral fat particles can penetrate 
into the intestinal cells. During their passage through the intestinal wall they 
may be temporarily transformed into pIiospholi^Me (phosphatide) before 
being reconverted into neutral fat to pass out of the cell into the lacteals. 
Phosphatide formation involves the temporary uptake of inorganic phosphate 
and may be catalysed by the enzyme phosphatase which is present in high 
concentration in the intestinal mucosa. Some of the evidence supporting 
the phosphatide hypothesis may be quoted : 

(i) The addition of phosphate or of glycerophosphate to the intestinal 
contents increases the rate of absorption of fatty acids from a mixture of 
fatty acids, bile acids, and glycerol. 

(ii) lodoacetic acid and phloridzin, which inhibit phosphatase, depress 
fatty acid absorption. 

(iii) The use of staining methods (of doubtful validity) purports to show 
that when these poisons are used fatty acid absorption is blocked because 
phosphorylation does not occur. 

(iv) Experiments with radio-active phosphorus (as phosphate) show 
a high turnover of phosphate during fat absorption. 

It is possible that fat absorption is influenced by the local concentration of 
electrolytes, by hormones and perhaps by vitamins. The adrenal cortex, by 
regulating the electrolytic balance in the body fluids, may be a subsidiary 
regulating factor (p. 955). 

It has been shown that very finely emulsified liquid paraf&n in which the 
particle size is less than 0'5^ can be absorbed to the extent of 40% by the 
rat intestine. Fortunately medicinal liquid paraffin, when used in cooking 
or as a laxative, is not sufficiently finely dispersed to be absorbed to a signifi- 
cant degree in man. 

To summarize : efficient fat absorption requires both lipase and bile salts. 

(i) Lipase produces sufficient lipolysis to form mono-glycerides and di- 
glycerides which together with the bile acid-fatty acid complex, emulsify 
the undigested tri-glyceride and so enable it to be absorbed. 

(ii) The bile salts form a water-soluble complex with fatty acids thus 
enabling them to be absorbed ; and the complex also helps (by promoting 
emulsification) the absorption of undigested fat as stated in (i) supra. 

The fundamental importance of bile salts in fat absorption must be 
emphasized. If bile is excluded from the intestine, fat digestion proceeds 
fairly normally, but large amounts of fat are lost in the feces (p. 798).^ 

^ In the rabbit the pancreatic duct enters the small intestine some 30 cm. below the 
bile duct ; fat absorption only occurs beyond the point of entry of the pancreatic duct, 
i.e. where preliminary lipolysis (liberating; fatty acid and lower glycerides) has taken 
place. Conversely the bile duct has been ligated and the gall bladder anastomosed with 
the cUstal part of the small intestine ; some fat digestion occurs proximally (owing to 
the activity of the lipase of the pancreatic juice), but no absorption occurs until contact 
with the bile has been established. 
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Movements oe the Villi. — Several hours after a meal, the villi show 
a variety of movements, the most important being a shortening (owing 
to contraction of the contained smooth muscle fibres) which leads to com- 
pression of the central lacteal and evacuation of its fatty contents into 
the deeper lymphatics. The villi are stimulated mechanically, by certain 
constituents of the food and by an alleged blood-borne hormone labelled 
villikinin. 

The lymph laden with fat is further propelled : by intestinal movements 
which compress the valved deeper lymphatics ; by the raised intra-abdominal 
pressure during inspiration ; and lastly, by the negative pressure in the 
thorax. It passes up the thoracic duct into the great veins at the root of 
the neck and thus into the systemic circulation. 

Blood Fat. — The blood contains fat in the following forms (the figures 
in parentheses give the normal plasma levels in mg. per 100 c.c.) : 

(i) mainly as neutral fat and fatty acids (200-450) ; 

(ii) as lecithin and other choline-containing phospholipides (150-250) ; 

(iii) as free cholesterol and cholesterol esters (cholesterides) (total 150-250 
of which 70% is the ester form). 

An increase in blood-fat is called a lijpcBmia, The increase in the blood 
concentration of neutral fat which follows a meal is irregular and unpredict- 
able. The blood-fat is also increased in the following conditions : (i) starva- 
tion (p. 900) ; (ii) diabetes mellitus (p. 924) ; (iii) pregnancy ; (iv) certain 
types of renal disease {nephrosis (p. 114)) ; (v) myxcedema (p. 984). 

Fate of Fat after Absorption. — ^After absorption, fat is treated in 
various ways : 

(1) It undergoes complete oxidation in the tissues to yield energy, COg, 
and HgO (p. 872). When 1 g. of mixed fat is completely oxidized to COg and 
HgO, 9-4 Cal. of heat are produced ; during the metabolic dissimilation of 
fat, a large proportion of this amount of energy is made available to the body 
as high-energy phosphate bonds. “ Acetic acid units ’’ derived from the 
breakdown of fat can be used in acetylation reactions and for the synthesis of 
acetoacetic acid and certain body components (p. 873). 

(2) It is stored (as neutral fat) in the fat depots. In contrast to the small 
carbohydrate reserves (0-5 kg.), fat may be stored in the body in very large 
amounts. On an average, fat forms over 10% of the body weight (^.e. about 
7 kg. in an adult, equivalent to an energy reserve of 1000 Cal. per kg. of 
body weight, or more than a month’s total food energy) ; in people who are 
over-weight the fat reserves are much bigger. 

It must be emphasized that neutral fat is not deposited interstitially in the 
matrix between cells or fibres ; it is taken up by the cells of adipose tissue, in 
which the cytoplasm gradually diminishes in amount as the fat accumulates, 
until the cell becomes a thin, cytoplasmic nucleated envelope enclosing a large 
fat droplet. Adipose tissue should be regarded as a highly specific tissue, 
taking up fat differentially when fat is present in excess of the body’s immediate 
metabohc needs, and releasing it when required. Adipose tissue takes up fat 
in the same selective manner as, for example, the thyroid takes up io(^e. 
Nothing is known about the way in which the finely emulsified fat particles 
in the blood enter the adipose tissue cells or, what is even more difficult to 
understand, how the seemingly unemulsified fat in the adipose tissue cells is 
discharged into the circulation. There is evidence that the activity of adipose 
28 
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tissue is under liorinonal control but tbe details of tbe regulation are still 
extremely obscure.^ 

(3) Fat is built into the structure of all tissues. The structural lipide 
consists of the following groups of lipides (see p. 861 for their chemical 
composition) : 

(i) Lecithins (and the related c&phalins). 

(ii) Cholesterides (cholesterol esters of fatty acids). 

The constituent fatty acids in these two groups are mainly unsaturated 
(unlike the fatty acids in depot fat, many of which are fully saturated). 
Lecithin and cholesterides are essential constituents of all cell membranes • 
lecithin is a component of the medullary sheath of nerve fibres. 

(iii) Certain specialized lipides hke the sphingomyelins and cerebrosides of 
the central nervous system. 

(iv) The specialized steroid hormones of the ovary, testis, and adrenal 
cortex (pp. 1074 ff., 959). 

Structural lipides are as integral a part of the cell architecture as are 
proteins ; they constitute the element constant of the total body lipide (in 
contrast to the element variable or neutral fat of the fat depots). In starvation, 
the neutral fat in the depots is called upon and used for producing energy, 
but structural lipides (element constant) are •unaffected in amount. 

Sources oe Depot Fat. — The neutral fat in adipose tissue is derived from 
two main sources : 

(1) From food-fat, 

(ii) From carbohydrate. The classical proof (Gilbert and Lawes) is as 
follows : young pigs fed on barley, deposit large amounts of fat, more than 
could be derived from the fat and protein of the food even if it were assumed 
that all the carbon of the ingested protein went to form fat ; clearly the fat 
which had been deposited must have been partly derived from carbohydrate.^ 
The details of the carbohydrate->fat transformation are considered on p. 874. 

It has been claimed on the basis of animal experiments that the reverse 
reaction can occur, i.e, that fat can be transformed into carbohydrate (blood 
glucose) on a la/rge scale ; these experiments are, however, open to other 
interpretations, and it is now generally considered that fatty acids cannot 
be a major source of blood glucose (p. 874). 

Relation of Liver to Fat Metabolism. — (1) When fats are to be used 
in the body they are withdrawn (by unknown means) from the fat reserves, 
i.e, the adipose tissue cells, and pass to the hver ; the fat content of the liver 
may be little altered, as the fat is broken down as fast as it arrives. 

(2) The neutralfatcontentof the liver is iTicreasec? in the following conditions: 

(i) On a high fat diet which is also deficient in the so-called lipotropic 
actors (i.e. chohne and methionine ; see p. 867). 

(ii) In starvation. 

(iii) After pancreatectomy, in animals kept alive by adequate doses of 
insulin.® 

The fat-laden liver arising from these conditions is called a fatty liver. 

^ Adipose tissue deserves more respect for its physiological activities than it customarily 
receives, especially as its storage function is so frowned upon by fashion. 

® Similarly, potatoes are rightly condemned as “ fattening ” by those anxious about 
their figures, though the fat content of potatoes is almost nil (carbohydrate 19%, protein 
2%, water 78%, and fat 0*1%). 

* I’atty. liver also oocurs after injection of certain anterior pituitary extracts. 
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(3) The neutral fat in the Hver is broken down by hydrolysis into glycerol 
and fatty acids (enzyme : liver li'pase), 

(i) The glycerol is utilized via the pathways of carbohydrate metabohsm 
(p. 848). 

(ii) The fatty acids are oxidized to fragments containing 2 C each ; these 
fragments are either (a) completely oxidized to CO 2 and HgO with energy 
liberation, or (b) recombined to give acetoacetic acid (a 4C compound, CH3. 
CO.CHg.COOH) ; this latter process is termed hetogenesis, since acetoacetic 
acid is a ketone. 

It appears that the liver cannot further metabolize acetoacetic acid; any 
acetoacetic acid that the liver manufactures from fatty acids mustbe distributed 
to the tissues, where it is completely oxidized to yield COg, H2O, and energy. 

These reactions are more fully discussed on pp. 869-^74. 

(4) In circumstances of carbohydrate deficiency, the metabolism of hver 
fat can play a part in the maintenance of the blood glucose level. The liver can 
(i) increase the metabohsm of fat (including the production of acetoacetic acid 
for energy utilization in tissues) and thus ‘‘spare” the available carbohydrate, 
and (ii) possibly convert some small part of the fat into glucose (or glycogen). 

A detailed discussion is given on pp. 874, 858. 

Fatty Liver, Lipotropins.-^Iu the condition of fatty hver, a grossly 
enlarged hver containing massive depositions of neutral fat is found. The 
causes of fatty hver were enumerated in (2) above ; each of the three con* 
toions there mentioned will now be considered in detail. 

(1) High Fat Diet. — In animals given a high neutral fat diet, fatty 
liver develops. Under, such circumstances, fat becomes the principal source 
olmergy_for. the. body and it is appropriate that large amounts of fat should 
be^brougl^ to the liver for complete, or partial dissimilation ; but one would 
expect that a suitable balance would be struck between the uptake of fat by 
the hver and its complete oxidation or its redistribution to the tissues as 
acetoacetic acid. It is surprising to find, therefore, that the uptake of fat 
by the hver should exceed, so markedly, its rate of despatch. The fat content 
of the fatty hver is, however, considerably decreased by administerii^ : 
(i) methionine (or large amounts of proteins rich in methionine) or (ii) choline, 
or the related substance betaine ; or (hi) lecithin (which contains chohne). 

Role of Lipotropins, — Ajsubsta nce which redu ces tb^.^amount.oLhverA 
is thought that the hpotropins 

other than choline itselfare "efie'ctrv^"Because they contain choline or because 
they promote chohne synthesis. Considering the substances already mentioned 
we find : 

(i) Methionine is a methyl donor (p. 882) ; it supphes labile methyl (OH3-) 
groups to ethanolamine (cholamine, j^.amino-ethanol) to form chohne. ^ The 
ethanolamine is synthesized in the body from glycine (probably via serine). 

+3CH3-. + 

H2N.CH2.COOH H2N.CH2.CH2OH ^ (CH3)3NCH2CH20H 

glycine. ethanolamine. from OH' 

methionine. choline (base), 
or betaine. ■ 

CHs— S.CH2.CH2.CH(NH2)C00H (CH3)3N.CH2.C00' 

methionine. betaine. 
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(ii) Betaine (a methylated glycine derivative) is also a methyl donor, 
and its methyl groups can be used to synthesize choline from ethanolamine. 
It is unlikely that betaine can be transformed directly into choline, though 
choline is known to be oxidized to betaine. 

(iii) Lecithin contains choline as part of the molecule (p. 861) and liberates 
choline on hydrolysis. 

The mode of action of choline as a lipotropin is unknown. It may promote 
the conversion of liver fat into choline-containing phospholipids (e.^. 
lecithins) which are more readily transferred from the liver into the 
blood. The important point, however, is that choline 'prevents and cures 
fatty liver. 

Choline deficiency also gives rise to hmmorrhagic necrosis of the kidneys ; 
this disorder may likewise be due to insufiScient lecithin formation in the 
renal cells. 

Transport and Role of Choline, — Choline is not transported in the blood 
in the free state but always in the combined form, i,e, as part of phospholipide 
molecules (lecithin, sphingomyelin). The normal level of blood choline in 
man (present as phospholipide) is 30-50 nig-% ; in states of choline deficiency 
giving rise to fatty liver, the blood choline is much less. 

Choline is an indispensable constituent of the body ; if the necessary 
groupings are not available for its synthesis, then sufficient choline must be 
provided, as such, in the food. It is not strictly speaking a vitamin (though 
occasionally put in this category) because it can be synthesized in adequate 
amount by the body. As explained on p. 883, choline promotes creatine 
synthesis because of its action as a methyl donor via methionine. 

(2) Starvation.; — In starvation, the stress of metabolism also falls on 

fat, fat'in the depots. As lipotropins are not available in adequate 

amounts, fat accumulates in the liver. 

(3) After Pancreatectomy.^ — If .a. pancreatectomized animal is kept 

alive with insulin, fatty liver develops even on a fat-free diet {e,g, a diet 
of lean meat and sugar). In pancreatectomized dogs, the liver weight may 
increase fourfold and the total lipide content increase thirtyfold over the 
normal values. The condition is cured by administering large amounts of 
choline or of methionine. question arises. why the high meat., intake 
(which is rich in combined methionine, i,e, present in the protein molecules) 
djo,,es,.Mtprexentthe,4eY^lop^^ of .fatty liver. It .seems that, owing to the 
absence of pancreatic juice, (probably a proteolytic enzynde) is Jacking 

which is necessary for the splitting off of the methionine from the food protein 
noLolecules in the "gut V consequently^ .^protein digestif and methionine 
liberation are impaired. The fatty liver can be cured (i) bjj administering 
raw_pajncreas,.Qx..fresh_.panereatic both of which contain the missing 

factor, or (ii) by administering protein hydrolysates which contain free 
methionine. [In pancreatic disease with deficiency of the external secretions 
it is therefore advisable to give lipotropins (choline, methionine) to prevent 
the development of fatty liver (p. 795).] The subcutaneous injection of a 
pancreatic extract called lipocaic is said to cure the fatty liver which develops 
after pancreatectomy ; lipocaic must thus act outside the bowel but its 
mode of action is unknown. The liabihty of the chronic diabetic patient to 
develop fatty liver should be noted (p. 924). 

1 Chaikoff and Entenman, Advances in Enzymologyf 1948, 8, 171 
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Effects ..oil .Eatoy Liv^ — Wliieii tlie liver cells are laden witli fat their 
functional activity is directly depressed ; in adition the swollen cells com- 
press the vascular capillaries, and so diminish the blood supply, especially to 
the centralobular cells (p. 821). With the development of fatty liver hepatic 
function is impaired, the^most obvious symptom being reduced glucogenesis 
jbhe result that..tJxe.- fasting blood glucose level of an affected diabetic 
patient may fall to normal (or lower) even in the absence of insulin. Thfe.patient 
is also extremely sensitive to irg^ted insidin.,.(p- 927). 

Erid^ results of Fatty Liver : Diffuse Hepatic Fibrosis {Cirrhosis ). — 
Gross chronic fatty liver leads to the death of many liver cells and their 
replacement by scar tissue. The condition is then called diffuse hepatic 
fibrosis {cirrhosis of the liver). The scarring, by interfering with the hepatic 
blood supply, aggravates the condition, setting up a vicious circle leading to 
more necrosis and more scarring. Diffuse hepatic fibrosis secondary to 
fatty liver occurs clinically in the following states : 

(i) In severe malnutrition (especially in the tropics). The diet is deficient 
in fat and in protein ; the lack of lipotropins is probably the main factor 
responsible for the condition.^ 

(ii) In so-called alcoholic cirrhosis ” : the liver is initially " fatty ” and 
later shows fibrosis. The essential cause is a diet deficient in lipotropins 
aggravated by their defective absorption from the intestine. The drinking of 
excessive amounts of alcohol contributes only indirectly to the condition by 
leading to loss of appetite and decreased food intake and by setting up gastro- 
enteritis, thus interfering with absorption. 

Relation of Liver to Ketogenesis. — (1) Ketone Bodies. — The name 
‘‘ ketone bodies ” (or acetone bodies is applied to the following three 
substances, which form a metabolically-related group : 

acetoacetic acid (CHg.CO.CHg.COOH) 

/S.hydroxy-butyrio acid (CHg.CHOH.CHg.COOH) 
acetone (CHg.CO.CHg) 

(i) Acetoacetic acid is the parent substance of the group, and is formed 
during the dissimilation of (a) long-chain fatty acids from fat (p. 871), and 
{b) certain of the essential amino-acids (p. 888). In the body, acetoacetic 
acid is found associated with d.hydroxY-butyric acid and small amounts of 
acetone. 

(ii) ^.Hydroxy-butyric acid is the reduction product of acetoacetic acid 
{i.e. it is formed by the addition of 2H) ; the two acids are freely inter- 
convertible. 

(iii) Acetone only arises from acetoacetic acid by spontaneous and non- 
reversible decarboxylation (loss of COg), a reaction which occurs chiefly in the 
lungs and bladder. 

It should be noted that, one of the three ‘‘ ketone bodies,” namely 
/J.hydro^'-butyric acid^isJ^p^ a too9^^th6u^^ it is metabolically derived from 
one (acetoacetic acid). 

The_inter-relations^^ bpdies are siunmari2;ed.,m..El^.560. 

T]^liyerisi£pjo^ organ which produces ketone bodies on any significant 
scale. _A comparison of the ketone body content of Jbhe blood which enters 

^ There is an interesting tropical (mainly African) deficiency disease called hwashiorlcor 
which is characterized by an enlarged grossly fatty liver and other disturbances (steator- 
rhoea, macrocytic ansemia, and cedcma). 
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and leaves the liver shows that the liver forms ketone bodies and delivers them 
into the^ hepatic, vein for circulation tOy and dissimilation hy , the tissues. Ah 
the tissues, with the exception of the brain and the liver itself, can dissimilafe 
acetoacctic acid to CO 2 , HgO and usable energy (p. 872). 

(2) Blood Ketone Level. Ketosis. — The normal non-fasting blood 
ketone level is small (0*5-2 mg-%) ; even a short-term fast (of two or three 
days) increases this level as much as fiftyfold. The amount of circulating 
ketone depends upon the balance between (i) ketone formation by the liver 
and (ii) ketone dissimilation by the tissues. Little is known about the factors 
that determine ketone dissimilation ; it is not apparently influenced by the 
hormones. There js,.. however, a maximum amount of fat which the. tissues 
can use (mostly as acetoacetic acid), namely about 2-5 g. of fat per kg. per 
day7 equivalent to 175 g, of fat daily in a 70 kg. man. The rate of keto- 
genesis in the liver varies greatly according to circumstances (p. 875). If 
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Fig. 560. — Inter-relationships of the ** Ketone Bodies ” [cf. with Fig. 662]. 


ketogenesis proceeds at. an unduly, high xatcy- exceeding the rate at whi^jh 
dissimilation can be carried on by the tissues, themJk.etpries accumulate in the 

Q'Ud may lead to^HT excretion , of 
lEefpne. bodies in the jifine. In extreme ketosis, the urinary ketone output 
may reach 100-120 g. per day. 

The responses of the body to the accumulation of ketones in the blood are 
discussed on pp. 924, 102, 

(3) Mechanism of Ketone Body Formation. Fatty Acid Oxidation. 
— The neutral fat in the liver is hydrolyzed as required, releasing glycerol 
and long-chain fatty acids y the majority containing 16 or 18 C atoms {e.g. 
palmitic, stearic, and oleic acids). 

The next stage is the breakdown, mainly in the liver, of these long carbon 
chains into ‘‘ fragments containing two carbon atoms each ; this is con- 
sidered to occur in two successive steps (Fig. 561) : 

(i) Firstly, an oxidation converts every alternate -CHg- group of the 
chain into -CO-, starting from the -Cllg- in the p. position relative to the 
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acid -CO OH group ; suet oxidation is called alternate oxidation. In 

* 

Fig. 561, tte position is marked C, and oxidation occurs ttere and at eact 

alternate position, marked C along tte ctain. 

(ii) Tte oxidation is followed by a cleavage of tte bonds between tte 
remaining -CHa- groups and tte -CO- groups formed in step (i), giving 
2C fragments.’’ Tte positions of cleavage are indicated in Fig. 561 by tte 
ttin vertical lines. Tte addition of H 2 O or H 3 PO 4 is involved in ttis cleavage. 


CH3.CHo,CHa.CH2.CH2.CH,,.CH2.CH2.CH,.CHo.CH2.CH2.CH2.CH8.CH2.COOH 
palmitic acid 

(i) I alternate p. oxidation 


CHa.CO - -CH 2 .CO- -CH 2 .CO- -CH 2 .CO- -CH 2 CO- -CH 2 .CO- - CHa.CO* 


(ii) I cleavage 

20 + 2C -f 20 + 20 + 20 -f 20 -f 20 4- 20 

unit unit unit unit unit unit unit unit 


Fig. 561, — Breakdown of Palmitic Acid to “ Acetic Acid Units.” 


Tte 16C ctain of palmitic acid yields 8 fragments,” eact containing 
2 C atoms and derived from -CHg-CO-. Ttese fragments are ttus related 
to (and largely betave as) acetic acid, CH3-GO-OH, but are probably not 
identical witt it ; tte fragments will be referred to tere as “ 20 fragments ” 
or as “ acetic acid units ” (in inverted commas).^ 

Isotope experiments using acids containing labelled ” C atoms in known 
positions tave given tte following additional information : 

(i) Tte 2 C fragments ” formed in tte tver can be completely dissimilated 
in tte liver to COg, HgO, and energy, via tte citric acid cycle (p. 872). 

(ii) Instead of being completely oxidized, tte “ 2 C fragments ” can react 
together in random fastion to form molecules of tte 4C ketone body, 
acetoacetic acid : 


2 “ 20 fragments ” 
(acetic acid units). 


CH3.CO — CH2.COOH 


20 

fragment. 


2 C 

fragment. 


Ttus a molecule of palmitic acid (16 0) is split in tte liver into 8 tigtly 
reactive 20 fragments ” ttese immediately give rise to 16 molecules of 
00 2 , or 4 molecules of acetoacetic acid (4x 40), or a proportion of eact. Tte 
acetoacetic acid is distributed to the tissues y and is ttere oxidized to COg. 
It is usually assumed ttat tte first step in the oxidative dissimilation of 
acetoacetic acid by tte tissues, is its re-spttting to “ 20 fragments ” (p. 872). 


^ As might be expected, the terminal “ 20 fragments ” from each end of the fatty 
acid chain differ from each other and from the “ 20 fragments” from the main part of 
the chain ; the difference has no major metabolic signihoance. 
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The proportion of 2C fragments ” forming acetoacetic acid rather than 
being immediately oxidised to CO 2 is determined by the rate of the simul- 
taneous carbohydrate dissimilation in the liver. If the rate of carbohydrate 
dissimilation is depressed (as in diabetes or starvation), then the proportion 
of acetoacetic acid formed rises, and ketosis may develop. A possible explana- 
tion for this effect is given on p. 875, but it must be admitted that we still 
know very little about the precise factors which regulate hepatic ketogenesis. 

Utilization and Dissimilation of Fat. — The key step in the metabolic 
utilization of fat is the oxidation and cleavage of the long-chain fatty acids 
to yield reactive ‘‘ 2C fragments ” acetic acid units ’*) as described above. 
This occurs mainly in the liver (though there is evidence for some normal 
oxidation of long-chain fatty acids in other organs, e,g, a liverless dog can 
oxidize up to 40% of administered fatty acid). 

“ Acetic acid units ” are highly reactive, and immediately they are 
formed they undergo other changes, as follows : 

(1) Self-Condensation to Give Aoetoaoetio Acid. — The random self- 
condensation of two “ acetic acid units ” forms the 4C compound, acetoacetic 
acid (p. 871). This is carried in the circulation to other tissues which can 
dissimilate it (see 2 (i) below). 

(2) Dissimilation to CO 2 and H2O. — Acetic acid units ” and aceto- 
acetic acid are probably completely dissimilated by entering the citric acid 
(Krebs) cycle, i.e, the set of enzyme systems which constitute the “ common 
metabolic pathway ” for most of the foodstuffs (pp. 850, 853).^ 

(i) An '' acetic acid unit ’^ (‘' 20 fragment ’’ from fatty acid) is metabolized 
in exactly the same way^ as the acetic acid which is formed by the oxidative 
decarboxylation of pyruvic acid (from carbohydrate (p. 850)). It combines 
with oxaloacetic acid (40) to give the 60 tricarboxylic acid, citric acid; 
this then goes round the cycle,” losing two carbon atoms in the form of 
two molecules of OO 2 by two successive decarboxylations. As a result, 
energy is liberated which is made available to the body through the 
high-energy phosphate bonds of ATP (p. 852) ; oxaloacetic acid is regenerated, 
and is ready for reaction with a further “ acetic acid unit ” (Figs. 562, 558), 

(ii) It appears that the main step in the dissimilation of acetoacetic add 
in the tissues is its re-splitting into two “ 2C fragments ” ; these are then 
oxidized by the enzymes of the Krebs citric acid cycle present in the tissue 
concerned. Liver and brain seem unable to split acetoacetic acid, and thus 
cannot utilize it to any extent. 

Acetoacetic acid may also be able to enter the citric acid cycle directly (say 
at a 4C stage) but this must constitute a minor pathway. 

It can be seen from Fig. 562 that for the complete dissimilation of fats 
via 2C fragments,” oxaloacetic acid ndust be available from some source 
(e,g, from pyruvic acid (p. 850) or from aspartic acid (p. 889)) ; otherwise 
the 20 fragments ” will form correspondingly larger quantities of acetoacetic 
acid, and ketosis will develop (p. 875). 

^ ‘‘ Acetic acid units ” (20) and acetoacetic acid (40) are the “ ready money ” of fat 
metabolism. The long 0 chain of the fatty acids is appropriate for storage jpurposes only, 
and represents capital locked away in securities. This wealth is not negotiable directly, 
but must be converted into the ready money of 20 and 40 fragments (20 fragments for 
buying a paper or paying a bus fare ; 40 “ notes ” for putting the wealth into circulation). 
Just as ready money in sufficient quantity can be converted into securities, so can 20 
fragments from any source be built up into the long 0 chain of the fatty acids (p. 873). 
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(3) Acetylation Reactions. — The active ‘‘ acetic acid unit ” can be 
employed by the body in acetylating reactions, e.g, the synthesis of acetyl- 
choline (p. 508 ) or the acetylation of amines during their “ detoxication ’’ by 
the liver (p. 828 ). 

CH3.GO~O.CH2CH2N(CH3)30H' CH3.C0— NH.C6H4.SO2NH2 

acetylcholine acetylsulphanilamide 

( 4 ) Use as Building Unit for Body Components. — Evidence from 
isotope experiments shows that labelled C atoms from acetic acid (or com- 
pounds giving rise to “ acetic acid units ”) can be built into the molecules 
of (i) cholesterol (most of its 27 C atoms come directly from ‘‘ acetic acid 
units ”) ; (ii) hcem porphyrins, and (iii) the intermediates of the citric acid 
cycle and their derivatives. 


CARBOHYDRATE 



Fig. 562. — ^The Formation and Dissimilation of Fat. (Diagram by J. B. Jepson.) 

[Note the irreversibility of the pyruvic acid-> acetic acid step.] 

(5) Resynthesis of Fatty Aoid. — “ Acetic acid units ” (from any 
source) can be built up into long-chain fatty acids, and thence into fat. This 
presumably occurs by the successive condensation of 2C fragments ” 
followed by, or simultaneous with, a reduction process (^.e. the reversal of 
the breakdown of fatty acids), and requires an external supply of energy. 
In support of this view we have : 

(i) all fats are built from fatty acids with an even number of C atoms ; 

(ii) isotope experiments show that when acetic aoid CDg.^^COOH, 
labelled with and deuterium (D, heavy hydrogen), is fed to^ animals, 
the liver fats have an isotope distribution in the fatty acid chains thus : 
-CD2.i3CH2~CD2.i3CH2~CD2.i3COOH. 

28* 
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Goenzyme-A , — The presence of a coenzyme is required for reactions in- 
volving acetic acid units ” ; this coenzyme is termed coenzyme- A (A for 
Acetylation) and contains jpantothenic acid — yet another example of a 5-group 
vitamin with a specific role in an enzyme system (p, 1024 ff.). 

Integration of Fat and Carbohydrate Metabolism. — Conversion 
OE Carbohydrate to Fat.— The well-known conversion of dietary carbo- 
hydrate into depot fat has been mentioned on p. 866. It is obvious from 
Fig. 562 that the pathways of carbohydrate and fat metabolism meet at the 
common intermediate, acetic acid (or “ 2C fragment ”). Since fatty acid is 
reversibly formed from 2C fragments ’’ the way is open for the transformation 
of carbohydrate via pyruvic acid and acetic acid into fatty acids. This trans- 
formation is promoted by insulin and depressed by anterior pituitary 
hormones (pp. 913, 920). 

Glycerol from the hydrolysis of fats is converted into a triose (probably 
phosphoglyceraldehyde) and joins the main pathway of carbohydrate 
metabolism (p. 848). This reaction is reversible, allowing carbohydrate to 
be used for the synthesis of glycerol when this is needed for the deposition of 
fatty acids as body fat. 

carbohydrate ^ triose 

pyruvic 
acid 

1 

acetic 
acid 

Conversion of Fat to Carbohydrate. — As stated above, the glycerol of 
fats can join the reversible pathway of carbohydrate metabolism and thus be 
built into glucose or glycogen. This would allow the formation of only 12 g. 
of blood glucose from 100 g. of fat, whereas it has been thought that much 
greater conversion than this could occur in the fasting animal. There is no 
doubt (from isotope experiments) that C atoms from acetic acid (and other 
molecules giving rise to '' acetic acid units,"’ e.g. fatty acids) can be built 
into the molecule of glucose by the Uver. A consideration of Figs. 562, 559, 
however, shows that no net increase of glucose could arise in this way. There 
is no known pathway in animals by which the fatty acid->-glucose conversion 
could be accomplished. Any net increase in the glucose of the body fluids 
that does come directly from fatty acid must be derived from the synthesis 
of, say, succinic acid (4C) which would directly enter into the Krebs cycle 
and could thus be converted into oxaloacetic acid and thence into pyruvic 
acid and glucose; this must be a minor pathway. Under conditions of 
carbohydrate deficiency, the, cjaief Junction liver is to provide, a^etggcetio 

acid for utilisation hij the tissues, thus '^sparing ” the utilisation of the more 
mluablc blood glucose, . 

Dependence op Fat Metabolism on Carbohydrate. — The complete 
dissimilation of fat via ‘‘ acetic acid units ” requires available supplies of 
oxaloacetic acid to catalyse ” the Krebs cycle (Fig. 562). This must be 
supplied from a source other than fat (since the pyruvic add-^aceiic acid 
reaction is irreversible) ; the chief source of oxaloacetic acid is carbohydrate, 
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via pj^uvio acid and the carboxylase reaction (p. 850). The complete 
dissimilation of fats in the liver thus requires the simultaneous oxidation of 
carbohydrate?- Any change which reduces the rate of carbohydrate oxidation 
in the liver will reduce the rate of complete oxidation of “ acetic acid units ’’ 
locally, mthout reducing their rate of formation ; indeed, their rate of 
formation may increase if fat is the only available energy source. However, as 
these highly reactive “ 2C fragments ” cannot accumulate, they undergo self- 
condensation to form acetoacetic acid. The lower the rate of carbohydrate 
utilization in the hver relative to the fat utilization, the greater is the produc- 
tion of acetoacetic acid, and the amount which circulates in the blood corres- 
pondingly increases. If the tissues cannot dissimilate the increased supplies 
of acetoacetic acid which reach them, then ketosis results. Starvation, diabetes, 
and the other circumstances that lead to ketosis all involve a decrease in the 
normal ratio of carbohydrate to fat utilization in the liver. 

Causes of Ketosis. — Ketosis occurs clinically and experimentally in the 
following conditions : 

(1) With ^ low glycogen and a high fat content in the liver ^ e,g. on a high 
fa.t>.low carbohydrate diet, or in„ starvation (when the hver glycogen reserves 
are exhausted and depot fat is being utihzed).""!^!^!^©!!^]!^ m a vague way 
that under these conditions fat becomes the “ principal substrate of the hver 
cell ” leading to excessive ketone body formation (p. 870). It should be 
noted that a smaU proportion of the'ketpnes may be derived from ketogenic 
amino-acids (p. 888)'. The formation of glucose from glucogens may be 
simultaneously depressed. As the tissues cannot cope with aU -^e ketones 
supplfed to them7tho bl^^ 

(2) From the injection of certim anterior 'pituitary extracts in normal 
animals (p. 937). These extracts “ mobihze ” depot fat, which passes into 
the blood stream to reach the hver ; hver fat is thus increased. Glucose 
dissimilation is simultaneously depressed, and hver glycogen is decreased 
owing to its conversion into blood glucose. For this reason, or because of some 
additional specific action on the hver, these anterior pituitary extracts increase 
ketone formation in the hver, with resulting ketosis. 

(3) Ketosis of Diabetes Mellitus, Action of Insulin, — After removal of the 
islet tissue of the pancreas, the unantagonized action of the anterior pituitary 
leads to ketosis as described in (2) above. Injected insuhn (p. 913) acts in 
the opposite manner : it promotes deposition of depot fat and decreases the 
flow of fat to the hver ; it increases glucose dissimilation and glycogen 
deposition in the hver ; it possibly annuls the specific ketone-producing 
action of the anterior pituitary. Thus by its action on the fat depots and on 
the hver, ins nlin abohshes the ketosis of diabetes meUitus ; it has no effect 
on ketone utihzation by the tissues.^ 

1 This idea used to be expressed crudely but vividly in the phrase “ The fats bum in 
the flame of the carbohydrates.” 

® t^eople differ greatly in their susceptibility to ketosis. Thus Eskimos can tolerate 
liigh fat diets that would cause ctoss ketosis m the average European. The body can 
apparently be “ trained ” graduaUy in the utilization of very high fat diets. 

* It is found empirically in ch*ni ;al cases of diabetes mellitus that ketosis is avoided 
when the fat content (F) of the dif t does not exceed the sum of twice the carbohj drate (C) 
and half the protein (P) contents. Briefly, F should be less than 2C-hJP, all measured 
in grammes. 
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PROTEIN METABOLISM 

Proteins.^ — The proteins have complex molecular structures built mainly 
from a-amino-acids linked together in chains. The linkage between the 
amino^acids is called a peptide bond ; molecules built up from many amino- 
acids are called polypeptides ; proteins are types of polypeptide, but their 
structures are so large and complex that relatively little of their molecular 
architecture has yet been elucidated. Hydrolysis (digestive or otherwise) 
converts a protein through stages of intermediate complexity (conventionally 
called metaproteins, proteoses, and peptones) to a mixture of amino-acids. 
About twenty different amino-acids have been found in the various proteins 
studied ; most proteins contain a selection of 15-18 of these, though some 
proteins are built from only a few different amino-acids. 

The amino-acids have the general formula R.CH(NH 2 ).COOH, where 
R is any one of a variety of organic groupings as shown below. The peptide 
bonds of a polypeptide chain are —CO — ^NH — (amide) linkages of the follow- 
ing type : 

R' R" 

— — CO NHiH.CO NH.(!)H.C0 ^NH 

t t t 

peptide 

bonds 

The physiological properties of the free amino-acids depend upon the 
nature of their constituent R groups ; the properties of the proteins are 
governed by the nature and mutual arrangement of the constituent amino- 
acids. 

Amino-Acids. — The names and formulm of the principal amino-acids 
obtained by the hydrolysis of proteins are set out below : 

Amino-acids with unsubstituted 0 chains : 

1. Glycine (a-amino-acetic acid) 

NH 2 .CH 2 .COOH (R=H ; the simplest amino-acid) 

2. Alanine (a-amino-propionic acid) 

CH3.CH(NH2)C00H (3C chain) 

3. Valine 

, , (CH3)2CH.CH(NH2)C00H (5C branched chain) 

4. Leucine 

(CH3)2CHCH2.CH(NH2)C00H (6C branched chain) 

5 Isoleucine 

(CH 3 )(C 2 H 5 )CH.CH{NH 2 )C 00 H (60 branched chain) 

Hydroxylrsvbstitiited amino-acids : 

6. Serine (a-amino-jS-hydroxy-propionio acid) 

H0.CH2.CH(NH2)C00H (30 chain) 

^ a 

* Sahyun, Outline of the Amino-Acide and Proteins, 2nd edn., New York, 19^. 
“ Amino-Aoids and Proteins,” Cold Spring Harbor Symp, QuanL BioL, 1949, XIV. 
Haurowitz, Chemistry and Biology of Proteins, New York, 1960, 
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7. Threonine 

CH3CH(0H).CH(NH2)C00H 
Sulphur-containing amino-acids : 

8. Cysteine (a-amino-jS-thiol-propionic acid) 

HS.CH2.CH(NH2)C00H (3C chain 


(4:0 chain) 


■note the reactive HS. 

group) 

Cystine (dicysteine, the oxidation product of cysteine) 
S.CH2.CH(NH2)C00H 


3.CH2.CH(NH2)C00H 

10. Methionine (a-amino-y-methylthio-butyric acid) 

CH 3 S.CH 2 CH 2 .CH(NH 2 )C 00 H (4:0 chain— note the CH 3 S. 

y group) 

Aromatic amino-acids, derived from alanine (2.) ; 

11. Phenylalanine (/5-phenyi-alanine) 


CHs.CH(NH 2)COOH 
12. Tyrosine (para-hydroxy-phenyl-alanine) 
HO— CH2.CH(NH2)C00H 


(a phenol) 


13. Thyroxine, an iodine-containing derivative of tyrosine, see p, 975. 

14. Tryptophan (/S-indolyl-alanine) 

_C— CHa.CH(NH 2 )COOH 


\/\/CH 

NH 

The amino-acids (1 to 14) set out above are neutral substances, since 
they contain one NHg. (basic) group and one .COOH (acidic) group which 
mutually neutralise each other. 

Acidic amino-acids : 

15. Aspartic acid (a-amino-succinic acid) Asparagine= 

CH 2 .COOH the j5-amide 

I (40 chain) 

CH(NH2)C00H 

16. Glutamic acid (a-amino-glutaric acid) Glutamine= 

CH 2 CH 2 .COOH the r-amide 

I (50 chain) 

CH(NH2)C00H 

The two amino-acids (15 and 16) set out above contain an additional 
COOH (acidic) group in the R group (ie. they are mawaamino-d^carboxylic 
acids) and are acidic substances : 

Basic amino-adds : 

17. Arginine (a-amino-5-guanidino-valeric acid) 

NH 


II 5 

NH 2 — 0— NH.CH2CH2CH2.CH(NH2)C00H 

18. Lysine (a : e-diamino-caproic acid) 

NH2.CH2CH2CH2CH2.CH(NH2)C00H 


(50 chain) 
(60 chain) 
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19. Histidine (/S-iminazolyl-alanine) 
CH=C.CH2.CH(NH2)C00H 

i iIh 



The three amino-acids (17, 18, 19) set out above have nitrogen-containing 
R groups and are basic substances : 

Imino-acid : 

20. Proline 


CH^ CH^ 

(!h2 c!h.cooh 

\ / 


NH 


(5C chain) 


Substance 20 is actually an imino-add, with an a-NH as part of a ring 
system. It is neutral. 

Other amino-acids of metabolic significance are known, but they have not 
been found in protein molecules. Examples are ornithine and citrulline of 
the Krebs urea cycle (p. 888, Fig. 568), and homocysteine formed from 
methionine (p. 883, Fig. 564).^ 

Nucleoproteins. Nucleic Acids.^ — Nucleoproteins are conjugated 
proteins, consisting of a basic protein combined with a nucleic acid. The 
protein moiety can be removed by acid treatment, freeing the nucleic acid. 

Nucleic acids are polynucleotides whose exact structure has not yet been 
determined. On hydrolysis they yield mixed nucleotides with the following 
type of structure : 

Nitrogen-containing Base — ^Pentose — Phosphate. 

The pentose sugar is either ribose or desoxyribose. The base is either a 
purine (adenine or guanine) or a pyrimidine (cytosine, thymine or uracil) 
(formulse : Figs. 573, 574). Hydrolysis of a nucleotide removes the phosphate 
leaving a nucleoside (i.e. Nitrogen-containing Base — Pentose). 

Nucleoproteins are important constituents of the nucleus and cytoplasm 
of all cells ; chromosomes are constructed largely from nucleoprotein. 

Several of the vitamins of the B-group are built up by the body into 
nucleotides, and in this form function as coenzymes for fundamental dis- 
similation reactions (p. 1024 ff.). The nucleotides adenosine-diphosphate and 
-triphosphate (ADP, ATP) are of great metabolic importance as carriers of 
“ high-energy phosphate bonds ” (p. 842, Fig. 553). 

Digestion of Proteins, — No digestion of protein occurs in the mouth. 

Stornaxih. — (i) The pepsin-HCl mixture acts on proteins, converting them 
through stages of decreasing complexity (metaprotein, primary and secondary 
proteoses) to peptones (large polypeptides), (ii) Caseinogen is converted by 

1 “ Nucleic Acids and Nucleoproteins,” Cold Spring Harbor Symp. quant. Biol.^ 1947, 
12. “ Nucleic Acid,” Symp. Soc. exp. Biol., 1947, 1. Davidson, The Biochemistry of 
the Nucleic Acids, London, 1960. 
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rennin into soluble casein. In the presence of calcium salts, casein is precipi- 
tated as insoluble calcium caseinate, and is subsequently digested to the 
peptone stage. 

Duodenum , — Trypsin and chymotrypsin of pancreatic juice, acting in an 
alkaline medium, rapidly break down protein through intermediate stages 
to peptones and small peptides and may liberate some amino-acids. Their 
digestive action is facihtated by the bile-salts. It must be remembered that 
in the intestine these enzymes are acting on protein which has already been 
partially digested by pepsin. 

Small Intestine , — Suocus entericus contains the enzyme mixture “ erepsin,” 
a system of peptidases which specifically hydrolyse terminal peptide bonds, 
and thus completes the breakdown of polypeptides to amino-acids ; this 
occurs partly in the lumen and partly in the wall of the intestine. 

Digestion of Nuoleoprotein. — The protein portion is removed from 
nucleoprotein by the acid of the stomach, and digested with the other food 
proteins. The freed nucleic acid is hydrolysed enzymatically in the gut to 
nucleotides, nucleosides, and finally to the constituent pentoses, purines, and 
P 3 n:imidines. These are then absorbed and metabolised. The metabolism of 
purines, pyrimidines and nucleic acids is discussed on p. 895. 

Absorption of Amino-Acids. — The amino-acids, which are the end- 
products of protein digestion are absorbed into the intestinal capillaries and 
thence enter the portal vein ; absorption is in part due to simple diffusion 
owing to the higher amino-acid concentration in the intestinal lumen, but 
active processes may also be involved. There is evidence that, in special 
circumstances i certain proteins and peptides may be absorbed from the gut 
without previous complete hydrolysis to amino-acids {e,g, during the digestion 
by an animal of its own plasma protein). 

Amino-Acid Pool. Amino-Acid Turnover. Protein Synthesis. — 
The amino-acids after absorption into the blood diffuse throughout the body 
fluids and so reach all the tissue cells. At the same time most of the tissue 
proteins (both structural ” protein and ‘‘ functional ” enzyme protein) 
are continually undergoing disintegration to release amino-acids which 
likewise enter the circulation and thus become part of what is called the 
general amino-acid pool.’’ This steady and rapid tissue protein breakdown 
is taking place on a large scale (see below). No functional distinction can be 
drawn between the fate of the amino-acids derived from the food and those 
derived from the tissues. From the common amino-acid pool,” amino- 
acids are taken up by the cells (each cell according to its specific needs) to 
be built into the cell structure as required. If a cell takes up as much amino- 
acid as it loses, it is in a state of ‘‘ dynamic equilibrium ” ; if the loss is 
greater the cell wastes ; if the gain is greater the cell grows. 

From the rate of incorporation of isotopically labelled amino-acids, the 
rate of synthesis of proteins can be calculated. In experimental animals this 
protein turnover is greatest in intestinal mucosa, followed by kidney, hver, 
brain, and muscle in that order. In man, the protein “ turnover ” involves 
the breakdown and re-synthesis of 80-100 g. of tissue protein per day, about 
half of it occurring in the liver ; on an average the plasma proteins are com- 
pletely replaced every 15 days.^ Nothing is known of the mechanism of 
protein synthesis in the body. 

1 Borsook, Physiol. Pev., 1950, 30 , 206. 
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The amino-acid pool has no anatomical reality, but represents the available 
amino-acid building units. Thus the pool ^'contains” not only all the 
free amino-acids of the blood, cxlracellular and intracellular fluids, but also 
the amino-acids which would be freed by the net breakdown of a portion of the 
tissue proteins. The pool is constantly undergoing depletion because (i) large- 
scale deamination of presumably surplus amino-acids takes place, the amino 
(NHg) groups which are split off being transformed mainly into urea, leaving 
a “ non-nitrogenous residue ’’ ; (ii) amino-acids and their derivatives (e.g, 
creatinine) are lost in the urine and other excretions ; (iii) amino-acids are 
continually being built up into those proteins {e.g, hair) which are not part of 
the dynamic systems. On the other hand, the amino-acid pool is always being 
re-established by amino-acids derived from the following : (i) reamination of 
certain non-nitrogenous residues ; (ii) amination of appropriate ‘‘ fragments ” 
which are present in the common metabolic pool (and therefore derived from 
carbohydrate and fat breakdown) ; (iii) amino-acids split off from dietary 
protein and absorbed from the intestine into the blood. This state of affairs 
is termed the continuing metabolism ” of the amino-acids. 

The non-nitrogenous residues which are left after deamination of the 
amino-acids are used in ways to be described (p. 887). 

It should be remembered that it is not only the proteins of the body that 
are in a state of ‘‘ dynamic equilibrium,” i,e, a balance between simultaneous 
breakdown and synthesis ; the same holds for practically all the materials 
of the body, even for such seemingly chemically inert material as the 
depot fat.^ 

Example of Amino-Acid Utilisation.— The general principles of 
amino-acid utilisation which are discussed in detail later, are well illustrated 
by a study of the fate of ingested glycine, in which both C atoms and the N 
atom were labelled ” with isotopes.^ After absorption, the labelled glycine 
mixes with the glycine already present in the body fluids. The changes 
undergone by the glycine have proved to be as follows : 

(i) Some is incorporated into the tissue and plasma proteins, at rates 
varying with each protein. 

(ii) Some is built into non-protein compounds which contain glycine 
as part of their structure, e,g. glutathione, glycocholic acid (p. 798), 
hippuric acid (p. 828). 

(iii) Some is converted reversibly into the amino-acid serine, and thence 
into cysteine (p. 882). 

(iv) Some is used in the synthesis of other' body constituents for which 
glycine is a specific precursor, e.g. creatine (p. 893, Fig. 572), haem and 
bile pigments (pp. 173, 188), purines (p. 897), choline (probably via serine, 
p. 867). 

(v) The remainder is deaminated. The NH 3 split off is (a) converted into 
and excreted as urea, or ( 6 ) used to aminate various keto-acids to form other 
amino-acids (p. 885), or (c) indirectly excreted as ammonium ions (NHa+) in 
the urine. 

(vi) The non-nitrogenous residue which results from the deamination 

1 “ Life is a dynamic equilibrium in a polyphasic system ” (F. G. Hopkins, 1913). For 
the evidence see Schdnheimer, The Dynamic State of Body Constituents, London, 1942. 

2 Rittenberg, Cold Spring Harbor Symp, QuanL BioL, 1948, 13, 173. Bentley, Ann. 
Heps, Chem, Soc., 1948, 239. 
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reaction (v) is either (a) dissimilated to CO 2 and H 2 O, yielding energy, or 
(6) built up into glycogen or glucose (p. 888). 

^ Essential Amino-Acids. — The term essential is applied to those amino- 
acids needed for replacement and growth, but which cannot he synthesised by 
the body in amounts sufficient to fulfil its normal requirements. They must 
therefore be supplied in the diet, usually combined in proteins. A more appro- 
priate name for them would be the indispensable amino-acids, as they only 
differ from other amino-acids in being indispensable components of the diet. 

The rest of the amino-acids (the non-essential, or dispensable, amino-acids) 
can be synthesised in the 
body either (a) by the 
amination of appropriate 
non-nitrogenous fragments 
derived from other sources, 
or (b) in special cases directly 
from the essential amino- 
acids, But it should be 
emphasised that the body is 
‘‘ spared the trouble ” of this 
synthesis if the dispensable 
amino-acids are also avail- 
able from the diet. 

The essential amino- 
acids in adult man are : 
valine, leucine, isoleucine, 
threonine, methionine (which 
can also be converted to 
cysteine), phenylalanine 
(which can also be converted 
to tyrosine), tryptophan, 
lysine. Arginine and histi- 
dine are probably indispens- 
able in children for growth. 

Animals given a basal 
diet which contains no pro- 
tein or amino-acid, but 
which is otherwise complete in all respects, rapidly die ; if, however, all the 
above named amino-acids are added in appropriate amounts (either as 
protein or as pure synthetic amino-acids), normal health, protein replacement, 
and reproductive power are maintained in adult animals, and satisfactory 
growth occurs in young animals (Kg. 563). Bose is conducting long-term 
experiments with healthy men fed on diets devoid of nitrogeneous compounds 
except for known added amounts of pure synthetic amino-acids.^ By 
measuring the rdtrogen-balance (p. 901) on various amino-acid supplements, he 
has found that the above eight amino-acids are indispensable for human adults 
under normal conditions j exclusion of any one of these essential amino-acids 
leads to a negative nitrogen-balance (p. 903, Fig. 578), fatigue, loss of appetite, 
and nervous irritability ” ; when the missing amino-acid is added to the 
diet perfect health is promptly restored, 

1 Rose, Fed. Free., 1949, 8, 646 ; J. biol. Ghem., 1960, 182, 641. 



Fig. 663. — ^Influence of Lysine Deficiency on 
Growth. Growth Curves for Rats on JSfon- 
Nitrogenous Basal Diets supplemented 
with the various Proteins indicated. 
(Drawn by J. B. Jepson firom data in 
papers by Hawk, and Osborne and Mendel). 

Curve I : Wheat protein (deficient in lysine). 

Curve II: Gelatin (deficient in many amino-acids, though 
high in lysine). 

Curve III: Wheat protein -{- gelatin (sufiacient of all the 
essential amino-acids). Normal growth curve. 
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Under normal conditions, tlie amount of each essential amino-acid whicli 
must be supplied per day, when all other amino-acids are present in abundance, 
is of the order 0*5-2 g. The requirement for essential amino-acids varies 
with the amount of strain ’’ placed upon the synthetic capacity of the body. 
Thus during growth or lactation a higher intake of essential amino-acids (as 
mixed protein) is required (p. 1059) ; in addition, as mentioned above^ the 
amino-acids arginine and histidine may become indispensable under these 
conditions, though they are dispensable in the normal adult, who can make 
them on a small scale. 

Specific Metabolic Roles of Amino-Acids. — In addition to being the 
building units of all the tissue proteins (including the enzymes and many of 
the hormones), amino-acids have special roles in the formation of other 
components of the body. Some illustrative examples will be given : — 

(1) Glycine is a fundamental building unit from the common metabolic 
pool, and its reactions are outlined on p. 880. 

(2) Arginine is part of the cycle which is responsible for urea formation 
(p. 887), and provides an amidine group for creatine synthesis (p. 893, Fig. 572), 

(3) Histidine is the precursor of histamine (p. 335). 

(4) Aromatic Amino-Acids : Phenylalanine (which is indispensable) can 
be irreversibly converted to tyrosine ; the latter is therefore dispensable if 
sufficient phenylalanine is supplied. Tyrosine is the precursor for thyroxine 
(p. 974), nor-adrenalinCi and thence adrenaline (p. 729), and the dark melanin 
'pigments of the hair and skin. 

(5) Sulphur-Containing Amino-Acids. — Methionine, cysteine, and 
cystine are the sole sources of sulphur (apart from traces of the S-containing 
vitamins, aneurin and biotin) that can be used for synthetic purposes in the 
body, e.g, for the formation of organic sulphates (p. 900) or taurine (p. 798). 

Methionine (which is indispensable) can be irreversibly converted into 
cysteine (which is therefore dispensable). This transformation occurs through 
the following stages (Fig. 564) : 

(i) Methionine forms homocysteine by transference of its CHg elsewhere 
{e,g, to form creatine, see (6) below, and Fig. 565). 

(ii) Homocysteine (4C) combines with the 3C amino-acid serine to form 
the 7C compound cystathionine (with loss of H 2 O). 

(in) Cystathionine undergoes cleavage at the homocysteine linkage of 
the 8 (with the addition of water) forming cysteine and (probably) homoserine. 

It is clear that only the 8 atom of the original methionine appears in the 
cysteine. This has been proved by the use of isotopic tracers. 

Cysteine is readily converted to cystine under oxidative conditions, and 
the reaction is reversed under reductive conditions. The biological action of 
a protein containing a free 8H. group (i.e. combined cysteine) is often com- 
pletely altered upon oxidation to the corresponding disulphide (^.e. combined 
cystine). 

(6) Methionine (Biological Methylation).— Certain compounds of 
the body, with structures containing methyl groups (CH3— ) attached to an 
atom other than C can take part in enzymic reactions whereby these methyl 
groups are transferred to suitable “ acceptors ” which have no methyl group. 
Such reactions are termed transmethylation reactions, and the substrates 
[methyl donors) are said to possess biologically labile methyl groups. The 
most important compounds with biologically labile methyl groups are 
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methionine (containing CHg—S—, Fig. 565, choline (containing (GH 3 ) 3 N+— , 
Fig. 565), and the oxidation derivative of choline, hetaine (p. 867). The 
processes of transmethylation in the body have been investigated by the use 
of isotopes,^ and the results are summarised in Fig. 565. 

The following points should be noted : 

-CHg, +H 

(i) The reaction methionine =====^ homocysteine is reversible. 

+CH3, 

However, homocysteine can only take up a methyl group to re-form methionine 
if the methyl group is donated by choline (i.e. the reverse of (ii) infra). 


METHIONINE 

1 




T 

HOMOCYSTEINE 



HOMOSERINE 

CH 2 — CH 2 CH(nH2) cooh 

1 


CH2 

CH2‘~CH2CH(NH2) cooh 
1 

SH 

H 2 O 

+H.0 

1 

OH 

4* 

OH 


SH 

1 

CHa— ch(nh2)cooh 

SERINE 

CH2 — 

CYSTATHIONINE 

1 

CH2— CH(NH2)C00H 

CYSTEINE 


reduction I ^oxidation 
CYSTINE 

Fig. 564. — ^Inter-relationships of the Sulphnr-containing Amino-acids. 

(ii) Methionine enables choline to be synthesised in the body from ethano- 
lamine (NHg.CHgCHgOH) by donating the necessary three methyl groups 

(iii) Methionine can yield methyl groups to other suitable recipients, but 
these reactions appear to be irreversible. Two examples are given : 

^ (a) Methionine contributes a methyl group to guanidino-acetic acid, thus 
bringing about the synthesis of creatine (p. 893, Fig. 572). This methyl 
group must be donated directly by methionine (but may come indirectly 
from choline donating a methyl group to homocysteine to form methionine). 

(6) Methionine contributes a methyl group to nor-adrenaline for the 
synthesis of adrenaline (p. 729). 

These reactions of methionine illustrate how artificial and misleading is 
the customary division of general metabolism into subsections called carbo- 
hydrate, fat, and protein metabolism. Methionine, derived from protein, is 
responsible for creatine formation, and thus indirectly for carbohydrate 
utilisation in muscle (p. 429) ; it is responsible for choline formation, and thus 
indirectly with preventing undue fat accumulation in the liver (p. 867) ; it is 
^ Du Vigneaud, Harvey Lectures, 1942-43, 1. 
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(or, on a minor scale, as ammonium ions), or used in tlie synthesis of other 
amino-aoids, as described below. The non-nitrogenous residues^ after under- 
going various transformations, enter the “ common metabolic pool,’’ and are 
either completely dissimilated or are converted into glucose, fat, ketone 
bodies, or other amino-acids (p. 887). 

(1) Oxidative Deamination, — The overall reaction is the transformation of 
an amino-acid, R.CH(NH2).COOH, to the corresponding keto-acid, 
R.CO.COOH. This involves an oxidation (or more exactly, a dehydrogenation) 
(enzymes : amino-acid oxidases ; hydrogen carriers : coenzyme-I or jiavin 
(pp. 840, 854)) to give an ^m^no-acid, followed by a hydrolysis liberating 
ammonia, thus : 


CH3.CH(NH2)C00H + Co-I - 
alanine coenzyme 

(H-camer) 

CHs.C(:NH)COOH + HjO 


> CH 3 .C(:NH)C 00 H 

a-imino-acid 

CH3.CO.COOH 
pyrnvic acid 


+ C0-I.2H 

reduced 

ooenzyme 

+ NH3 


(2) Transam^na^ion.—Deamination of an amino-acid may be coupled with 
the simultaneous amination of a keto-acid. This process is called trans- 
amination (enzymes : transaminases), and the result is the transference of the 
NHg. group from one amino-acid and its use to synthesise another, thus : 
CH3 CH2CH2COOH CH3 CHgCHgCOOH 

ci(NH2)COOH Jo.COOH ^ (So.COOH Jh(NH2)COOH 

alanine a-keto- pyruvic acid glutamic acid 

glutaric acid 


Transamination is reversible and plays an important part in both the break- 
down of amino-acids and their synthesis from non-protein sources {e.g, from 
keto-acids of the citric acid cycle, p. 887). 

(3) Amination of N on-nitrogenous Residues, — When ammonium salts or 
amino-acids containing amino groups “ labelled ” with isotopic are 
administered, the label is later found incorporated into the amino groups 
of many different amino-acids of the proteins. 

Appropriate non-nitrogenous residues must therefore have been converted 
into amino-aoids by takmg up NHg. from NH4+ or other amino-aoids, i,e, 
by processes of direct amination or transamination. Ami no-acids from the 
amino-acid pool are continually being broken down by deamination, and the 
processes of direct amination or transamination are used to res;^tliesis6 
some of these amino-acids. These synthetic processes are mcreased if a need 
arises for additional quantities of amino-acid, e,g, the provision of glycine for 
“ detoxication ” mechanisms (p. 828), Products of deamination formed at 
one site can be reaminated elsewhere and so re-enter the ** amino-acid pool. 

(4) Ammonia, which is formed by the hidney, probably mainly from 

glutamine, is excreted into the lumen of the renal tubule and used in the 
regulation of the blood reaction (p. 97). ^ ^ i j • • 

Urea Formation. — The surplus ammonia which is formed by deamination 
and not used for reamination is converted into urea. Ammonia is toxic and 
its toxic action is not entirely due to its strong basicity ; it therefore cannot 
be allowed to accumulate. Urea, on the other hand, is harmless even in very 
high concentrations. 
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Urea formation occurs exclusively in the liver. Removal of the liver produces 
the following results (Figs. 566, 567) : 

(i) When urinary secretion is maintained in the liverless animal, there is 
a steady decrease in the blood urea, e,g, from 30 to 6 mg. per 100 c.c. ; the 
amount eliminated in the urine likewise shows a progressive and marked 
decrease. Practically all the urea which is secreted after hepatectomy 
can be accounted for by the decrease in the urea content of the blood 
fluids. 

(ii) If anuria follows the operation, the blood urea remains quite constant. 

(iii) If the kidneys are removed in a normal animal there is a rise in the 



> 

Pio. 466 . — Effect of Removal of Liver on Blood Urea, Blood Amino-Acid and Urea 
and Amino-Acid Excretion in Urine. 


Experiments on doffs. At point marked O remove liver. 

Curve with broken line : blood amino-acid nitrogen in 

Curve with continuous line : blood urea nitrogen in mu. /litre (cf. I'Mg. 507). 

Rectangles with angle hatching : urea nitrogen -f*ammonia nitrogen excreted in urine in 
mg./ hour. 

Rectangles with vertical hatching : amino-acid nitrogen in urine in mg./hour. 

Note rise of blood amino-acid, fall of blood urea and decrease and ultimately disappearance of 
urea from urine. (Redrawn from Mann et al., Amer. J. Physiol., 1926, 78, 259.) 


blood urea ; if hepatectomy is now performed, the blood urea remains at the 
high level previously attained (Fig. 567). “ 

These results prove that the liver is the only site of urea formation, and 
that urea once formed is not destroyed in the body. 

(iv) The liver is the chief site of deamination of amino-acids. In the 
liverless animal the blood amino-acid content progressively rises (Fig. 566) ; 
injected amino-acid is not deaminated to the normal degree and does not give 
rise to extra urea. 

Essentially, urea formation in the liver consists in the union of NH3 
(2 mols.) and CO2 (1 mol.) with the elimination of H2O. This, however, does 
not take place directly but through a cyclical system of enzyme reactions 
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(called the Krehs urea cycle] see footnote on p. 851) in which the (non- 
protein) amino-acid ornithine acts as ‘‘catalyst’’ (Fig. 568). Ornithine 
reacts with CO 2 and 1 mol. of NH3 to give citrulline, which itself reacts with 
a second mol. of NH3 to give arginine ; the amidine group of arginine is 
split off as urea under the influence of the hydrolytic enzyme arginase, and 
ornithine is regenerated to continue the cycle. The interaction of amino- 
acids is further complicated by the fact that the amino-acids glutamic and 
aspartic acid are involved in the entry of NH3 into the “ cycle.” By the use 
of isotopes, it has been shown that the GO 2 used in urea formation, comes 
solely and directly from blood HCO3'. 



Fig. 567. — Eelation of Hepatectomy to Blood Urea Level. 

Ordinate: blood urea^nitrogen in mg-%. 

<1) Kidneys removed ; liver removed 24 hours later (at O). 

(2) Kidneys removed ; liver removed 8 hours later (at 0). 

(3) Simultaneous removal of liver and kidneys (at 0). 

(4) Liver removed at 0, and urinary secretion maintained (cf. Pig, 566). 
(Redrawn from Mann et aL, Amer. J. Physiol., 1924, 69, 382.) 


Fate of Non-Nitrogenous Residues from Amino-Acids. — In general, 
the non-nitrogenous residues remaining after deamination enter the “ common 
metabolic pool ” and are either completely dissimilated to CO 2 or (less often) 
are built up into other body constituents. 

Some amino-acids are glucogenic, i.e. they may give rise to glucose ; 
some are ketogenic and may give rise to acetoacetic acid (and the other 
“ ketone bodies ”). The experimental methods employed in the study of 
these reactions are : 

(i) Incubate liver slices with an amino-acid, or perfuse the liver with an 
amino-acid, and determine whether there is an increase in the glucose or 
ketone level in the medium or venous outflow. 
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(ii) Study the diabetic or phloridziriised animal which excretes large 
amounts of glucose in the urine. The administration of protein, like the 
administration of carbohydrate, increases the urinary glucose excretion, 
suggesting that food protein can give rise to glucose. If specific amino-acids 
are administered, some (glucogenic) increase the glucose pool and the degree 
of glucosuria while others (Jcetogenic) increase the excretion of ketone bodies 
in the urine. Glucogenic amino-acids cannot counteract hypoglycaemia in 
hepatectomised animals ; thus the liver is an indispensable factor for their 
transformation into blood glucose. 

(hi) Administer amino-acids labelled with C isotopes, and investigate the 
isotope distribution (if any) in subsequently isolated glucose, glycogen, or 
ketones. 


UREA 



amino -acids 
blood HCOs' 

[]r represents - CHaCHaCHgCHCNHe) COOh] 

Fig. 668. — ^Krebs Urea Cycle. 


ARGININE 


ORNITHINE 



NH3 

+ 

C02* 


The results of such studies are as follows (Fig. 569) : 

(а) The fate of the non-nitrogenous residues derived from the essential 
amino-acids, tryptophan, lysine, histidine, and methionine is unknown. 

(б) Leucine, isoleucine, and phenylalanine (three of the essential amino- 
acids) and tyrosine are ketogenic. Their deamination and normal oxidation 
in the liver gives rise to acetoacetic acid, by known irreversible routes ; this 
acetoacetic acid joins the ‘‘ common metabolic pool ” and is subsequently 
dissimilated (p. 872). 

(c) All the non-essential amino-acids are glucogenic. This fact indicates 
that they give rise to an intermediary found on the reversible pathway of 
carbohydrate dissimilation. Since all the non-essential amino-acids can be 
synthesised in the body from carbohydrate and a N source (p. 881) the route 
by which they enter the carbohydrate pathway (including the deamination 
stage) must be reversible. The identity of the intermediary has been deter- 
mined in most cases : 

(a) On oxidative deamination or transamination, alanine and the amino- 
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acids wMoh. can be converted into it (glycine, serine, cysteine) give rise to 
'pyruvic acid, 

CHs.CH(NH 2 )COOH +0. -^3 CHs.CO.COOH 

(alanine) (pyruvic acid) 

(p) Glutamic acid (and probably proline and arginine) give a-Tceto-glutaric 
acid, 

C00H(CH2)2.CH(NH2)C00H ^ C00H(CH2)2.C0.C00H 

(glutamic acid) (keto-glutaric acid) 

(y) aspartic acid gives oxaloacetic acid, 

COOH.CH2.CH(]m2)COOH ^ COOH.CHg.CO.COOH 

(aspartic acid) (oxaloacetic acid) 

These three products are all components of the citric acid cycle (Fig. 669, and 
p. 852, Fig. 559) ; they can either be built into glucose, or dissimilated in the 
liver to yield energy, thus sparing ” the dissii^ation of glucose. 

It is found by method (iii) supra that the carbohydrate apparently formed 
from glucogenic amino-acids does not always arise by direct conversion of 
the amino-acid to glucose. It can also come from the conversion to .glucose 



Eig. 669. — ^Fate and Inter-relationships of some of the Amino-acids. 
(Diagram by J. B. Jepson.) 
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of some other metabolite which has itself been spared ’’ by the non-nitro- 
genoTis residue of the amino-acid. 

{d) The remaining essential amino-acids (threonine and valine) are 
glucogenic. How they reach the carbohydrate pathway is not known, but 
presumably it is by a non-reversible route as they are indispensable in the 
diet. 

Fate of Residues from Aromatic Amino- Acids. — In certain very rare 
congenital disorders, the normal oxidative mechanisms of phenylalanine and 
tyrosine metabolism are deranged by blockage ” at different points. This 
results in the urinary excretion of intermediate metabolites, and has given 
valuable information on the normal oxidation of these amino-acids. 

The following conditions are of particular interest : 

(i) ImbecilUtas jphenyl'pyruvica (Felling’s disease), a form of idiocy strangely 
coupled with the inability to convert phenylalanine to tyrosine. Phenyl- 
alanine accumulates, and phenylpyruvic acid (the deamination product of 
phenylalanine), appears in the urine. 

(ii) Alca'ptonuria,^ where homogentisic acid (2;5-dihydroxy-phenyl-acetic 
acid)appears in the urine ; such urine darkens considerably when alkaline 
and exposed to air, and may turn almost black. Homogentisic acid is 
apparently a normal metabolite from tyrosine, but alcaptonurics excrete it 
rather than oxidise it further to acetoacetic acid as is its normal fate (p. 888). 

Exogenous and Endogenous Metabolism. — It has been customary to 
divide the metabolic processes that take place in the body into two fairly 
sharply defined compartments : (i) metabolism of the foodstuffs (exogenous ) ; 
(ii) metabolism of the tissues (endogenous). 

The distinction drawn was an^ogous to that between the consumption of 
fuel (food) by an engine, and the wear and tear of the engine itself (tissues). 
But as has been emphasized, the proteins and nucleic acids and most of the 
other constituents of the tissue cells are constantly undergoing breakdown 
processes similar to those that affect the foodstuffs in the gut ; in general, 
the products of digestion and those of cell disintegration enter a common pool 
and suffer a common fate (p. 853). There was, however, a fundamental 
truth in the classical conception : some of the urinary constituents vary 
widely in amount in relation to the protein-content of the food, while others 
are relatively independent of the diet. This distinction is brought out in the 
Table below (from Folin), which shows the differences in the composition of the 
urine on two diets, both adequate in calories, but one poor in protein-content. 

It is obvious that the total nitrogen excretion in the urine is related to the 
protein intake. On diets of adequate calorie value but very low in protein, 
the nitrogenous output may be substantially reduced, e.g. from 16*8 to 3*6 g. 
daily. The excretion of urea and inorganic sulphate is markedly dependent 
on the diet ; the urinary output of these substances is an index of protein 
intake, or, in the (discarded) classical terminology, of exogenous metabolism. 
On the other hand, the excretion of creatinine, neutral sulphur and about 
half the uric acid is quite independent of the protein intake ; in the classical 
terminology, the output of these substances is an index of endogenous meta- 
bolism. This term can be usefully retained, since the “ continuing metabolism 
of the tissues is normally an equilibrium between simultaneous synthesis and 
breakdown and does not have to be taken into account when making com- 
^ Neuberfter pi al.^ Biochem . «/., 1947, 41, 438, 
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Protein-Rich Diet. 

Protein- Poor Diet. 


Volume of Urine . 

1170 c.c. 

386 c.c. 

Greatly reduced. 

Total nitrogen 

16-8 g. 

3-6 g. 

>} 

Urea nitrogen 

14-7 „ =87% 

2-2 „ =62% 


Uric acid nitrogen 

0-18 „ 

0 09 „ 

Halved. 

Ammonia nitrogen 

0-49 „ 

0-42 „ 

Unchanged. 

Creatinine nitrogen 

0-58 „ 

0-6 „ 

55 

Inorganic SO 4 
Ethereal SO 4 

3-27 g. =90% 
0-19 „ 

0-46 g. =60% 
0-10 „ 

Greatly reduced. 

Neutral sulphur . 

0-18 „ 

0-20 „ 

Unchanged. 


parison between dietary intake and urinary output. Tbe end-products of 
endogenous metabolism appear to represent a slow, continuous, and wasteful 
** seepage ” of useful materials from the common metabolic pools. 

Origin and Physiological Significance of Nitrogen-Containing 
Constituents of Urine. — Mixed proteins contain an average of 16% of N ; 
thus the dissimilation of 100 g. of protein (the recommended, though high, 
daily intake) yields 16 g. of waste N, nearly all of which is excreted in the 
urine. The chief N-containing waste products in the urine are : urea ; 
creatinine and creatine ; ammonium ions ; uric acid. A small quantity of 
amino-acids is also lost from the body in the urine. 

( 1 ) Urea.^ — (i) Effect of Protein Intake, — ^Urea is formed in the liver from 
ammonia derived from amino-acids (or from ingested ammonium salts) ; 
the details of its mode of formation are given on p. 886 . As previously 
explained, the amino-acids of the body constitute a “ pool ” into which 
amino-acids pass from the food and the tissues, and from which amino-acids 
are taken, to be synthesised into protein or otherwise transformed as required 
by the tissues. Normally, “ surplus ” amino-acids (whatever their origin) 
are deaminated and their ammonia is converted into urea ; the adult man has 
no means of storing surplus amino-acids except by a very limited increase in 
tissue protein. On a normal protein intake the amino-acid pool is “ over- 
flowing ’’ with amino-acids which have come predominantly from recently 
ingested food. On such a diet, the urinary urea is therefore mainly of food 
origin ; in other words it is mainly (but by no means exclusively) exogenous. 
Within limits, the urea output varies directly with the recen. protein intake. 
Urea is always the principal nitrogenous constituent of the urine, constituting 
60-90% of the total urinary N. On a normal mixed diet, an adult’s daily 
excretion of urea is 15-40 g. (=7-18 g. urea-N). 

(ii) Effect of Protein-Free Diet which is Adequate in Calories [Energy 
Content), — When no protein is eaten, amino-acids are contributed to the 
'' pool ” by the breakdown of tissue proteins only. One would perhaps expect 
that an equal amount of amino-acid would be withdrawn from the “ pool ” 
for restitution purposes and that urea formation would therefore cease. 

1 For mechanism of excretion of urea see pp. 28 ei seq,, 09. Urea clearance and the 
urea clearance test are described on p. 39. 
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This, however, is not what happens. Instead, the ‘‘ pool ” is slowly and 
continuously being depleted of its essential amino-acids, mainly through their 
conversion to high-priority expendable body components, e.g, creatine (p. 894), 
The remaining amino-acids not used for these special syntheses cannot be 
rebuilt into the proteins from which they come, because one or more of the 
required essential (non-synthesisable) amino-acids needed for the protein 
synthesis has been utilised elsewhere ; as they cannot be stored they are 
irreversibly broken down, giving rise first to ammonia and then to urea. In 
other words, more tissue protein is broken down than is rebuilt, the net loss 
appearing partially as expendable metabolites (e.^. creatinine) but mainly 
as urinary urea. The urinary urea on a protein-free diet is, in the classical 
terminology, wholly endogenous, and its minimum level is about 4 g. of urea 
per day. It should be emphasised that it is under the conditions of this 
experiment {i.e. protein-free diet containing the full calorific requirements in 
the form of carbohydrate and fat), rather than in starvation, that the minimum 
excretion of N and of urea takes place. 

(iii) Effect of Sta/rvation (i.e. no protein, no calories). — In complete starva- 
tion, tissue protein (particularly muscle protein) is broken down to amino- 
acids on a much larger scale than in (ii). Some of these amino-acids are used 
for the restitution of high-priority expendable components as in (ii). But, as 
no food energy is available, most of the liberated amino-acids are deaminated 
and the residues utilised for energy purposes and to maintain the blood sugwr 
level. Tissue protein is thus used in the same way as, and as a substitute for, 
food protein. In starvation, therefore, urea excretion is on a much larger 
scale than on a protein-free diet which is adequate in calories, because in the 
latter condition tissue protein is not being used for “ fuel (cfi p. 900). 

(2) Creatine and Creatinine.^ — The structure and relationships of urea, 
guanidine, creatine, creatine phosphate (phosphocreatine) and creatinine are 


skown in Fig. 570. 
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Fig. 670. — The Structures and Relationships of Creatine and Creatinine. 

^ Peters and Van Slyke, Quantitative Clinical Chemistry, 2nd edn., vol. I, i, 897. 
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Distribution of Creatine. — Creatinej thougL. a constituent of many 
tissues, occurs in greatest concentration in skeletal muscle, witk lesser amounts 
in heart muscle, brain, and uterus (especially during pregnancy). The 
creatine concentration of skeletal muscle increases steadily during foetal and 
post-natal growth until the adult level is finally reached. 

In resting muscle, creatine exists largely as creatine fliosjpTiate (phospho- 
creatine), the phosphate group of which is linked to the creatine by a high- 
energy phosphate bond, /^ph (p. 842). Creatine phosphate is formed by the 
reaction of creatine with adenosine triphosphate (ATP) ; this reaction is 
reversible, creatine phosphate transferring its '-^ph to adenosine diphosphate, 
(.^P)^ and regenerating ATP as required. The energy of carbohydrate 
dissimilation in muscle is initially made available as the high-energy phosphate 
bonds of ATP (p. 429), but it is stored as the high-energy phosphate bonds of 
creatine phosphate. Creatine phosphate can be accumulated in quantity 
(unlike ATP), and its high-energy phosphate bonds are available for the 
rapid re-synthesis from ADP of the ATP which is required for muscular 
work (Fig. 571). 

Energy oF 
Dissimilation 

t — 

ATP + CREATINE 

Muscle 
Energy 

Fig. 571. — Creatine Phosphate as an Energy Store. (Cf. Fig. 259.) 

Formation of Creatine and Creatinine. — Isotope experiments have 
shown that creatine is synthesised in the liver from three amino-acids 
(Fig. 572) : arginine transfers its amidine group to glycine to form guanidino- 
acetic acid, which is irreversibly transmethylated by 7nethionine (p. 883). 

The creatine is discharged into the blood (normal level=2-^ mg. per 
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[From Methionine] CH3“{-N““CH2—C00H {[from Glycine]! 
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Fig. 572. — Creatine Synthesis. 

Note the three amino-acids involved in the formation of creatine, and thence of creatine 
phosphate and creatinine. 
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100 c.c. of whole blood, 0*4: mg. per 100 c.c. of serum) and taken up by 
the muscles as required. Creatine in excess of the muscle storage capacity 
{e,g, after ingestion of large amounts of creatine) is disposed of by unknown 
means, though in special cases it is excreted in the urine (see below). 

The chief reaction of creatine is its phosphorylation by ATP to give 
creatine phosphate. Some of the store of creatine phosphate is continuously 
being lost to the body by a slow, spontaneous transformation to creatinine, 
by ring formation with loss of H 3 PO 4 ; the creatinine is excreted in the urine. 
This is the major source of creatinine, little or none coming direct from 
creatine itself (^.e. by ring formation with loss of HgO). 

Excretion of Creatine in Urine (Creatinuria). — Creatine is not a 
normal component of the urine but may appear in the following conditions : 

(i) {a) It is constantly and normally present in children of both sexes up 
to the age of puberty. This fact may be associated with the low storage 
power of the muscles for creatine at an early age. 

( 6 ) It is found in an intermittent manner in the urine of women, but is 
not related to menstruation. There is a continuous creatine excretion during 
pregnancy. It rises to a maximum of 1*5 g. daily after delivery, when it may 
be derived from the involuting uterus. 

(c) Creatine is excreted irregularly by normal men. 

(ii) In certain pathological states of muscle, e.g. the myopathies, creatine 
is excreted, because of the low storage power of the muscles. Even if only 
small amounts of creatine are ingested, 90% or more appears unchanged in 
the urine. 

(iii) In any condition in. which unusual breakdown of the tissues (especially 
muscles) occurs, e,g. in starvation, diabetes, exophthalmic goitre, and fever 
(from the increased metabolic rate), creatine is excreted. In all states of 
under-nutrition the muscles bear the brunt of the burden ; as their substance 
is broken down for energy purposes, creatine is liberated, some of which is 
stored in the muscles which are still intact, and the rest is passed out in the 
urine as creatine. 

Excretion op Creatinine. — Creatinine is formed in the body exclusively 
from creatine via creatine phosphate. Minute amounts of creatinine (so-called 
endogenous ’’ creatinine) are present in blood (1 mg. per 100 c.c.) ; it is a 
non-threshold substance which is excreted in the urine by filtration from the 
glomeruli (p. 33). If creatinine is ingested, the blood level is raised. This 
exogenous ’’ creatinine is also excreted by the tubules (cf. p. 34). 

The urinary output of creatinine during a period of work is invariably 
greater than during the corresponding time of a day of inactivity ; this is, 
however, immediately followed by a period of unusually low output, so that 
the 24-hour output is unaffected by work. The daily output of creatinine is 
thus reasonably constant and is independent of the protein intake or the total 
amount of nitrogen excreted. Creatinine output depends not so much on 
the muscle mass as on its creatine plus creatine phosphate store, though, of 
course, the two are related ; the amount of creatinine excreted in 24 hours 
represents the conversion of about 2 % of the body creatine. 

Urinary creatinine is a product of endogenous metabolism in the classical 
sense, representing the removal of the steadily expendable creatine. The 
excretion of creatinine means the loss of valuable methyl groups from the 
body ; of the normal dietary components only methionine can supply the 
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methyl groups to replace them (p. 882), though tissue synthesis of methyl 
groups may make some contribution (p. 884). 

(3) Ammonium Ions. — The origin and significance of urinary ammonium 
ions, NH 4 +, are fully discussed on p. 97. 

( 4 ) Amino-Acids. — Traces of many amino-acids and small peptides are 
found in normal urine, representing a mainly endogenous ” excretion. An 
increase in the excretion of specific amino-acids (probably due to faulty 
reabsorption by the renal tubules) may occur pathologically {e,g. in the 
Fanconi syndrome).^ The investigation of urinary amino-acid patterns by 
'' paper chromatography ’’ may have diagnostic value.^ 

Certain amino-acids are used by the liver to detoxicate ’’ unwanted 
compounds (p. 828). These products, of which the chief is hippuric acid 
(from the condensation of benzoic acid with glycine), then appear in the 

urine. . • 

( 5 ) Uric Acid. — Uric acid is the only recognised end-product of purme 
and nucleoprotein metabolism in man, and is discussed below. 

Nucleic Acid Metabolism. Purines and Pyrimidines. Uric Acid. — 
Purines. — The formulae of the chief purines of physiological interest are 
shown in Fig. 573. 


c® ® 


I ^^11 /H® 

HC® ®C.. V 

® 

Purine nucleus 

showing numbering of 
different ring atoms. 


NH2 

•V" , 

II CH 

H 


N 

I 

HC. 


V 


N =s=CH 
1 

C-N;w 

II 

H 

Purine nucleus 

older (conventional) 
representation 


HC 

II 

N- 


HN 

I 




C' % 

II CH 




Guanine 

(2-amino-6-oxy-purme) 


Adenine 

(6-amino-puxine) 

Fig. 573.— The Structures of Some Important Purines. 
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1 The Fanconi syndrome is a form of osteomalacia or rickets, resistant to vitamin-X> 
therapy, and characterised by urinary loss of phosphate, glucose and a^o-acids. 

2 Paper chromatography : a technique for the separation of closely relat^ substances, 
applicable on the microgram scale. The mixture of substances is adsorbed at one spot 
on fdter-paper ; solvents are then passed over the spot by capillary attraction lu the 
paper • each of the components of the mixture forms a separate, discrete spot m a position 
along the paper dependent on its solubility and strength of adsorption ; the spots ^n be 
located and identified. For the use of this technique to mvestigate abnormahties of 
amino-acid and protein metabolism, see Bent, Btochem, Soc. Symposiuniy No. 3 (1949), 
34r49. 



896 


PURINE METABOLISM 


Note that purines are built from a system of two fused rings each containing 
two N atoms, namely a 6-mcmbered (pyrimidine) ring and a 5-membered 
(iminazole) ring. The purines which have been found in nucleic acids are 
adenine and guanine, 

Pykimidines. — The pyrimidines are built from a 6-membered ring, 
identical with atoms 1-6 of the purine system. The pyrimidines which have 
been found in nucleic acids are uracil, cytosine, and thymine, with the formulae 
shown in Fig. 574 : 

NHa 

0 I 0 

c c c 

I ^ H • ^ 11 • H 

OC^ CH OC® CH OC CH 

N 

H H H 

UracO Cytosiae Thymine 

(2 ; 6-dioxy- (6-amino- (5-mothyl- 

-pyrimidino) -2-oxy-pyriimdino) uracil) 

Fia, 674.— The Structures of Some .Pyrimidines 
found in Nucleic Acids. 

Distribution op Purines and Pyrimidines. — In Tissues. — The nuclei 
of all cells are rich in nucleic acids (present mainly as nucleoprotein, p. 878). 
All cells contain nucleotides which function as coenzymes (pp. 840, 1028). 

Cells contain enzymes which constantly break down tissue nucleic acids 
and liberate the purines (adenine and guanine) and the pyrimidines which 
enter a “ common purine and pyrimidine pool ” ; simultaneously, nucleic 
acids are rebuilt from the pool. The maturation of nucleated red blood 
cells to form non-nucleated discs involves the destruction of the nucleus; 
this process is an important source of purines and pyrimidines to the pool ; 
smaller amounts are provided by the destruction of circulating white blood 
cells. 

In Food. — (i) The cellular foodstuffs which are rich in nuclei, e.g. liver, 
kidney, pancreas, brain, yeast, are likewise rich in nucleic acids which are 
digested in the intestine (p. 879) giving rise to adenine, guanine, and 
pyrimidines. 

(ii) Oxy-purines, e.g. xanthine and hypoxanthine, are present in meat 
extracts (soup, beef tea, and the like). 

(iii) Methyl-purines, e.g. theophylline, caffeine, theobromine, are present 
in tea, coffee, and cocoa. 

Purine and Pyrimidine Metabolism.^ — (1) Adenine,-— There is a 
common adenine pool ” in the body. The pool receives (i) adenine released 
from the foodstuffs ; (ii) adenine released from various constituents of the cells 
(chiefly from nucleic acids, but also from the coenzyme nucleotides and 
adenosine triphosphate) ; and (iii) adenine synthesised in the body (p. 897). 
Free adenine is taken from the pool (i) for the re-synthesis of adenine-contain- 
ing cell components (it is naturally taken up in larger amounts during 
growth or repair) ; (ii) for conversion into guanine ; and (iii) some is “ wasted ’’ 
^ Brown, Cold Spring Harbor Symp. Quarti. Biol., 1948, XUI, 43. 



PURINE METABOLISM 897 


by being transformed into uric acid (see below). Adenine is not used in tbe 
formation of tissue pyrimidines. 

(2) Other Purines. — Guanine and other purines {e.g, hypoxanthine and 
xanthine) which have been absorbed from the intestine or formed in the body 
cannot be reconverted into adenine, nor are they taken up by the cells for 
synthetic purposes. All these purines are converted into uric acid which is 
partly excreted in the urine. 

(3) Formation and Fate of Uric Acid. — The stages in uric acid 
formation in man are probably as shown in Fig. 575 (formulae in Fig. 573). 


synthesis- 


Tissue Food 

Nucleic Acids Nucleic Acids 



Hypoxanthine 
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Fig. 675. — ^The Metabolism of Purines and the Formation and Fate of Uric Acid. 

In many animals (e.g. most breeds of dog) uric acid is further oxidised to, 
and excreted as, allantoin. Strangely enough, the Dalmatian coach-hound is 
unable to reabsorb uric acid in the renal tubules and thus excretes all the 
uric acid which is filtered out in the glomeruli ; it is, however, able to form 
allantoin if the ureters are tied off to retain the uric acid within the body. 
In man, most of the uric acid formed from purines is excreted in the urine ; 
it has been shown however that a considerable proportion of experimentally 
administered uric acid is further oxidised to unknown products. 

( 4 ) Purine Synthesis. — ^Purines can undoubtedly be synthesised in the 
body. The evidence is as follows : 

(i) An infant on a milk diet, which is almost purine-free, puts on weight 
and increases the total number of its cell nuclei and the purine content 
of its body. 

(ii) A Dalmatian dog fed for a year on a purine- and nucleoprotein-free 
diet excreted 100 g. of uric acid, of wldch not more than 10 g. could have come 
from preformed purine of its tissues. 

(iii) There is convincing isotopic-tracer evidence that adenine (and thence 
uric acid) can be synthesised from non~purine components of the common 
metabolic pool. The specific sources of 6 of the 9 atoms of the rings have 
been determined : C-4, C~5, and N-7 are derived from glycine ; C -6 from 
blood HCO 3 ' ; C-2 and 0-8 &om one-carbon formate ’’ units (p. 884). 

Guanine is formed from adenine and probably also from non-purine 
sources. 

29 
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Arginine and histidine, in spite of resemblances in their structural 
formulae to purines are not concerned in purine synthesis. 

(5) Pyrimidines. — The mode of formation and the fate of the pyrimidines 
of nucleic acids is still obscure. 

Uric Acid.— (1) Formation and Fate of Uric Acid.— See p. 897. 

(2) Factors Affecting Urinary Uric Acid Output.— Uric acid is 
excreted chiefly as monourate salts. The total daily output depends partially 
on the purine content of the diet, and is 0*75-“l g. on an average. On a 
purine-free diet it falls to about one-half, i.e. 0'3-0-5 g., but this residual 
(endogenous) excretion varies widely ; it is increased by vigorous activity 
(exercise) and is influenced by the other constituents of the diet. 

(i) Protein ingestion stimulates the uric acid output : thus changing 
from a diet of milk and eggs to one of starch and cream lowers the uric acid 
excretion, though both diets are purine free. Ingested amino-acids, even in 
small amounts, increase the hourly fasting output of uric acid. 

(ii) The calorific value of the diet is important. On a constant protein 
intake, raising the calorific value of the food increases the uric acid output. 

(iii) If the diet is mainly carbohydrate with little fat, there is increased 
uric acid excretion. If the diet consists of little carbohydrate and much fat, 
the uric acid output is small. 

To summarize : uric acid excretion is diminished when the diet has a 
low purine content, a low protein content, a low calorific value, and consists of 
fat rather than of carbohydrate. 

(3) Blood Uric Acid. — The normal limits are 0*7-3*7 mg. per 100 c.c. with 
an average of 2 mg. It is raised in gout up to 9 mg~% {infra). The way in 
which uric acid is carried in the blood is still uncertain. Ingestion of purine- 
containing food has no effect on the blood uric acid in normal people, but 
raises it in cases of renal insufficiency. It is claimed that uric acid is the first 
nitrogenous constituent to be retained in nephritis, values of 6 mg~% or over 
occurring before the other nitrogenous constituents are increased. In urcemia 
(p. 76), values as high as 27 mg-% may be obtained. In leukcemia mi. 
pneumonia considerable breakdown of nuclei of white blood corpuscles 
occurs, and the blood uric acid is raised. Although in these two diseases the 
kidneys are excreting a great deal of uric acid they are unable to eliminate it 
as rapidly as it is formed. 

Gout. — Gout is a chronic disorder characterized by (i) excess of uric 
acid in the blood ; (ii) deposition of mono-sodium urate in the cartilages 
of the joints and in other structures ; and (iii) recurring attacks of acute 
arthritis. 

Isotopic tracer work^ shows that the “uric acid pool ” in a normal man 
is about 1 g., but in a subject with severe gout this was increased to 31 g., a 
value which included the tophi (solid urate deposits). 

The cause of the excessive concentration of uric acid in the blood and 
body fluids of gouty patients is unknown. There is no evidence of over- 
production of purine bodies, so that the defect may be one of elimination, or 
failure of disposal of uric acid in the body. It has been suggested that there 
is failure of the kidneys to excrete uric acid adequately, although they 
eliminate the other nitrogenous constituents of the blood, e.g. urea, in a 
normal manner. The uric acid may be circulating in the blood in some 
^ Benedict et al ., J . din . Investig ., 1960, 29 , 1104. 
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abnormal combinatioii, which prevents its filtration by the glomenili of the 
kidney. 

No satisfactory explanation is available to account for the deposition 
of urates in the cartilages of the joints. The blood uric acid is raised to 
considerably higher levels in some cases of chronic nephritis and leukaemia 
without such deposition taking place. 

The cause of the arthritis in acute gout is also obscure. It is generally 
assumed that the inflammation is excited mechanically by the deposition 
of urate crystals in the tissues. Uratic concretions may, however, attain 
a large size without causing any symptoms whatever. 

The excretion of uric acid in the urine is reduced just before an attack of 
gout and is increased during 
the attack. Between the 
attacks it may be about normal 
or slightly diminished. 

The drug dnchophen greatly 
increases the urinary uric acid 
excretion and lowers the blood 
uric acid in gout. The increased 
elimination ceases after 2 days, 
and if the use of the drug, is 
continued longer it fails to 
decrease the blood uric acid 
level further. The excretion 
of uric acid in the urine is 
markedly increased by 
pituitary corticotrophin 
(ACTH) and cortisone which 
probably act directly on the 
kidney, decreasing the degree 
of reabsorption in the tubules. 

Acetyl salicylic acid (aspirin) 
has a similar effect. ColcMcine, 
which may relieve the acute 
pain of gouty arthritis does 
not increase the urinary output 
of uric acid (Fig. 576). The dietary conditions which serve to diminish uric 
acid excretion have been summarized on p. 898. 

Sulphur Compounds in Urine. — The sulphur compounds of urine are 
derived solely from the sulphur-containing amino-acids (methionine, cysteine 
and cystine) of the dietary and tissue proteins. The sulphur is excreted in 
three forms : 

(i) Inorganic Sulphate, — Sxdphur-containing amino-acids of the amino- 
acid pool that are not used in protein synthesis or other transformations 
(p. 882) are completely oxidised, the nitrogen appearing as urea and the 
sulphur as sulphate ions, SO 4 ''. The sulphate anions are' excreted in the 
urine, with an equivalent amount of cation (Na+, K*^, NH 4 +). ^ The level of 
inorganic sulphate excretion follows that of urea excretion, being lugh on a 
high-protein diet and reaching a minimum on a protein deficient diet. The 
normal range of urinary output is 0-3-3-0 g. of sulphate ions per day. Inorganic 
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sulphate introduced into the body parentally is excreted without appreciable 
utilisation. 

(ii) Ethereal Sulphate . — The urine contains small amounts of organic 
sulphate esters, R-O-SOjH (where R= various aromatic radicals), the so- 
called ethereal sulphates. These are the forms in which many phenols, R.OH, 
are detoxicated ’’ and excreted in the urine (p. 828). The conjugation of the 
phenol with sulphur from amino-acids takes place in the liver. The phenols 
which form ethereal sulphates are: (a) physiological compounds (e.g. oestrone); 
(b) non-physiological compounds (e.g. salicylic acid from ingested aspirin; 
and (c) phenols formed from aromatic amino-acids by the putrefaction of 
amino-acids in the intestine. Thus tryptophan is decomposed to give indole, 
which is oxidised in the liver to indoxyl and conjugated with SO 4 ''. The 
potassium salt of indoxyl sulphate (called indican) is excreted in the urine. 

(iii) Neutral Sulphur . — This term is applied to a heterogenous collection 
of unoxidized S-containing substances (e.g. cystine, mercaptans) found in 
the urine in traces ; their origins are obscure, but the total neutral S excretion 
is unaffected by the diet (in the classical terminology, it is endogenous). 

Metabolism in Starvation — During starvation, the subject must live 
on the component tissues of his own body for energy purposes. Even if no 
physical work is being done, about 2000 Cal. will be needed daily. During 
the first few days the glycogen stores of the liver are called upon, but these 
at the best only amount to several hundred grammes and so are of very limited 
value. The main source of energy must be the fat reserves and tissue protein. 
So long as fat is available tissue protein is used sparingly, but some net 
destruction of protein cannot be avoided. 

Use oe Fat. — A s discussed on p. 866, the fat which is used in starvation 
is the neutral fat (triglyceride, element variable) which is found in adipose 
tissue ; it is mobilized and taken to the liver, where it is either completely 
dissimilated or transformed into ketone bodies, which are sent to other tissues 
for oxidation. The complex lipide (element constant) which forms part of the 
cell structure is spared till the end. 

Use of Tissue Protein. — Tissue protein is treated in starvation like food 
protein and is hydrolyzed to amino-acids but on a larger scale than normally. 
The tissues are not treated uniformly : brain and heart only lose 3% of their 
bulk ; muscles, liver, and spleen lose 30, 55, and 70% respectively. There is 
evidence that the breakdown of tissue protein in starvation is controlled, 
possibly through the action of the adrenal cortex. 

The released amino-acids enter the ‘‘ common pool.’’ (i) The first call on 
the pool is to maintain the structure and so preserve the functional efficiency 
of the essential organs (cf. p. 892) ; this would also include formation of 
enzymes and those hormones which are proteins or amino-acid derivatives, 
(ii) The second call on the pool is to preserve the normal blood sugar level 
without which brain function fails ; as the sugar is steadily withdrawn from 
the blood by all the organs (and not only by the brain), protein used in this 
way is acting as a source of energy. The conversion of amino-acids to sugar 
(or the dissimilation of amino-acids in place of sugar) occurs in the liver and 
involves preliminary deamination ; the NH 3 thus liberated is excreted as urea. 

The urinary urea output in starvation is an index of tissue protein con- 
sumption. When the fat stores are exhausted, protein alone is available for 
energy purposes and death rapidly results. 
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Nitrogen excretion during tlie first week of starvation averages about 10 g. 
daily (wbicb is far higher than the possible minimum (cf. p. 892)) ; during the 
second or third week it may fall to a considerably lower value. The changes 
in the individual nitrogenous and sulphur-containing constituents are 
essentially similar to those found on a low 'protein diet (see Table, p. 891). 
Just before death the urinary nitrogen output rises steeply (“ premortal 
rise ’’) owing to the rapid destruction of tissue protein. 

SoTOCES OF Energy. — An examination of the nitrogenous excretion and 
of the metabolic rate enables an estimate to be made of the relative amounts 
of fat and protein which are being combusted. Thus, a starving man on the 
fifth day of his fast, when his energy output was 2000 Cal., excreted 11*4 g. 
of N. 1 g. of nitrogen in the urine represents the breakdown of 6*25 g. 
of protein. The urinary nitrogen indicates that 6-25 X 11*4=71 *5 g. of tissue 
protein were being broken down, which would yield roughly 300 Cal. (1 g. 
protein=4*l Cal.). The rest of the energy, i.e. 1700 Cal., must have been 
derived from about 190 g. of fat (1 g. fat=9*3 Cal.). The fasting body was 
using protein and fat m the proportion by weight of 71*5 : 190, i,e. about 
1:2*5. 

Ketosis. — Owing to lack of carbohydrate, ketogenesis is stimulated and 
ketones pass into the blood from the liver faster than they are disposed of by 
the tissues (p. 870). There is thus a ketosis and ketone bodies appear in the 
urine. The usual steps are taken to compensate for the tendency to acidaemia, 
Le, buffering by means of bicarbonate, increased pulmonary ventilation, and 
fall of alveolar CO a tension ; increased acidity of the urine ; increased NE 4 + 
excretion (p. 91). As the depot fat is mobilized, there is a slight rise in the 
blood fat and fatty liver develops. 

Blood Sugar. — This is maintained at a steady level almost to the end ; 
it is formed in the liver from amino-acid residues, glycerol (from fats) and lactic 
acid (from partial dissimilation of muscle glycogen) ; if hepatectomy is 
performed, a hypoglycsemia which is rapidly fatal, results. 

Death occurs after about 4 weeks, when the body weight is reduced by 
50% The temperature only falls just before the end. 

The principal metabolic changes in starvation are illustrated in Eig. 577. 

For a discussion of the effects of undernutiition see pp. 1045-1050. 

Nitrogenous Equilibrium. — ^When we say that the body is in nitro- 
genous equilibrium we mean that the nitrogen intake in the food over a given 
(long) period equals exactly the nitrogen lost in the excreta (mainly in the 
urine and, to a minor extent, in the fseces) over the same period. Experiments 
measuring nitrogen intake and excretion under specified conditions are called 
nitrogen balance experiments. A subject in nitrogenous equilibrium is said to 
be in nitrogen balance ; by a curious extension of this terminology, a subject 
whose intake of N is greater than the output (e.g. in growth) is said to have a 
positive nitrogen balance, and one whose intake of N is smaller than the output 
{e,g. in starvation) is said to have a negative nitrogen balance, Equihbrium 
will be maintained on a diet of protein alone if protein is administered in 
sufidcient quantity to supply the full energy requirements of the body. This 
can readily be done in carnivorous animals, but only with difficulty in man. 
Let us consider the case of the man mentioned previously whose fasting 
requirements were 2000 Cal. The ingestion of protein will raise the energy 
output further and increase his food requirements. Lean meat contains 
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about 20% of protein ; thus 1 lb. (500 g. approximately) yields 400 Cal. 
so that about 6 lb. would bave to be consumed daily to provide the energy 
needs in tbis subject at rest, and considerably more would be necessary during 
exercise. Eskimos consume about 8 lb. meat a day and maintain excellent 
health, and tbe same feat bas been performed by explorers in Arctic regions. 
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Fio. 677. — Metabolic Changes during 31 days’ fasting in Man. (Modified from McLeod, 
Physiology and BiochemisPry in Modem Medicine,) 

The chart is prepared from an experiment by F. G. Benedict in the Nutrition Laboratory of the Carnegie 
Institute, Boston, 1912, 

Alveolar CO, in mm. Hg. ; Total nitrogen, /3-hydroxy-butyric acid and ammonia-N in the urine in g. in 
24 hours. 
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If an amount of protein is given to a starving person equivalent to the 
amount of tissue protein undergoing destruction, there is an almost equivalent 
increase in the nitrogenous excretion in the urine. This is a surprising result 
and not yet explained, but the fact remains that so long as the full energy 
requirements of the body are not met by ingested food, the tissues continue 
to be broken down excessively for energy purposes ; tissue protein and fat 
are used in the proportions noted above, and nitrogenous loss continues. 

If carbohydrate and fat are added to provide energy, much less food 
protein is necessary to produce nitrogenous balance. These substances are 
termed protein-sparers. By giving enough carbohydrate to a fasting person 
it is possible to lower the N excretion to one-third its previous level. Similarly, 
the daily N excretion of 16 g. on an ordinary diet can be greatly reduced (e.^. 
to 3*6 g. (p. 891)), by giving adequate supplies of carbohydrate and reducing 
the protein consumption. The minimum nitrogenoits excretion occurs when 
unlimited amounts of carbohydrate and fat are given to provide the full calorie 
requirements (p. 892). But the subject is not in nitrogenous equilibrium ; to 
establish nitrogenous balance certain mini-nmiTu amoimts of protein must be 
provided in the food. This irreducible protein minimum varies with the kind 
of protein given. The relative values probably depend (i) on the amount of 
the essential amino-acids contained in these proteins, and (ii) on the degree 
to which the given protein contains amino-acids in the same proportions 
as are found in the tissues of the animal in question. It is impossible to 
maintain N equilibrium on diets which are deficient in any one {or more) of 
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Tig. 678. — ^The significance of Essential Amino- Acids in the mainten- 
ance of Nitrogenous Equilibrium in Man. (Redrawn from Rose, 
J. biol Ohem., 1950, 182, 541.) 

The subject was on a basal diet, total JT content 7*04 g./day, 96% of this N being 
furnished, by a known mixture of 10 pure amino-acids. On this diet, a fluctuating 
nitrogenous equilibrium is maintained (period A). Omission of valim (period B) 
or methionine (period D) immediately causes a negative balance to appear (e.g, 
total IT loss over B=9 g.). Restoration of the missing amino-acid is followed by 
the establishment of a positive balance (periods C and E). 
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the essential amino-acids (p. 881), no matter how much protein is consumed 
(Fig. 578). 

100 g. protein are usually recommended in the diet, at least some of it 
of animal origin. If the right proteins are used nitrogenous equilibrium 
can be maintained on considerably less, but a bigger protein ration allows a 
factor of safety should proteins of lower biological value be used, and ensures 
that adequate amounts of the essential amino-acids which are indispensable 
for bodily welfare will be ingested (of. p. 1051). A mixed protein ration drawn 
from various sources provides a similar safeguard (cf. Fig. 563). 

Nitrogen can only be retained in the body as protein, and then only in 
the following circumstances : (i) during growth ; (ii) after recovery from 
wasting diseases. In the case of a healthy, well-fed, fully grown man, increased 
ingestion of protein merely results in increased nitrogenous excretion (ix, 
N-balance is maintained) ; however, some animals (e.g, the cat) may double 
their muscle bulk on a high protein diet. 


THE STUDY OF CELL METABOLISM 

The Problems. — In the study of the detailed metabolic processes of 
living organisms, three main problems arise : 

(1) To identify the usual nutrients and metabolites required by the 
system, be it whole animal or single cell. 

(2) To investigate the pathways by which metabolites (or compounds 
foreign to the systems) are incorporated, utilized and dissimilated by the cells. 

(3) To elucidate the function of specific cells, especially in relation to the 
requirements and functions of the whole organism. 

The two experimental variables are the organism (or organ, cell, or 
enzyme) and its metabolite (or substrate) : we can study either (a) normal 
systems supplied with metabolites unusual in type or quantity, or (6) abnormal 
systems supplied with usual metabolites. The many different techniques 
based on these variables are described below, with indications of their 
applicability to the solution of the three main problems of metaboHsm. 

Experimental Techniques. — (i) To identify the indispensible meta- 
bolites and accessory factors required by a system, an under-feeding technique 
is employed, with a basal diet supplemented as desired (e.g, investigations 
on essential amino-acids, pp. 881, 903 ; vitamins, p. 1019). This is usually 
the only approach to Problem 1. 

(ii) The excreta or tissues of a whole animal are examined chemically for 
possible intermediates and end-products derived from an initial metabolite, X. 
Intermediates may be more readily recognized after the administration of 
unusually large doses of X (the overfeeding technique), e.g, the feeding of 
large amounts of creatine followed by measurement of the urinary output 
of creatine and creatinine (p. 894). Unfortunately, the administration of 
such large doses may cause unusual side-products to appear which may be 
mistaken for the normal intermediates. For example, ingestion by a normal 
animal of large amounts of fatty acids causes acetoacetic acid to appear in 
the urine (ketosis), but this does not mean that acetoacetic acid is a normal 
intermediate of fatty acid oxidation (p. 871). Suspected intermediates must 
be administered separately to see if they yield the same final products as X, 
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and at comparable rates. This technique was formerly a favourite approach 
to Problem 2 but is now usually superseded by (iv) below. 

(iii) A natural metabolite is replaced in the normal system by a chemically 
modified form, whose intermediate and final metabolic products can be more 
readily recognized. Such modification may involve adding chemical groups 
amenable to analysis, or adding stabilizing groups which arrest complete 
breakdown. For example, the first evidence for the breakdown of fatty acids 
by the stepwise removal of 2C units (p. 871) came from the administration 
to dogs of phenyl-substituted fatty acids, CeH 5 .(CH 2 )rt.COOH ; acids where 
n was an even number caused an increase in urinary benzoic acid, CgHg.COOH, 
but where n was an odd number there was excretion of phenylacetic acid, 
CgHg.CHg.COOH. There is, however, serious objection to this technique, 
since even a very minor chemical modification of a metabolite may com- 
pletely alter its fate in the organism, and. may cause derangements in related 
metabolic systems. 

(iv) The use of isotopes as atomic labels ” which can be followed through- 
out their metabolic wanderings has brilliantly overcome the objection to 
chemical modification mentioned in (iii), since isotopically labelled metabohtes 
are treated in exactly the same way as the usual, unlabelled metabolites. 
Further, labelled metabolites can be administered in amounts so small as to 
cause no change in the systems (contrast (ii)). This tracing technique is 
discussed in detail on pp. 906-8. 

(v) The fate of the usual metabolites in whole animals with pathological 
(usually inherited) derangements of metabolism is studied {e,g. tyrosine in the 
condition of alcaptonuria, p. 890). This is a classical use of an abnormal 
system to give information about Problem 2. 

Of greater value for biochemical studies than these “ inborn errors of 
metabolism’* are the artificially induced mutations of lower organisms 
(bacteria, moulds, etc.) caused by irradiation with X-rays ; these mutants 
can be readily isolated and grown, and may show “ blockage ** at one or 
more steps of any of their metabolic sequences ; by the trial-and-error 
feeding of possible intermediates, the site of the block and the sequence of 
the intermediates can be found. 

(vi) An animal is surgically treated to remove or by-pass a particular 
organ or tissue, and analyses are made on the blood, urine, etc., of the prepara- 
tion, to obtain information about the metabolic role of that organ or tissue 
(e.g, hepatectomy or the establishment of an Eck’s fistula to show the part 
played by the hver in nitrogenous metabolism (p. 886) ; pancreatectomy to 
show the influence of insulin on glucose metabolism (p. 909). Such abnormal 
systems may also arise through circumstances other than surgical treatment, 
e,g. a diabetic condition may arise spontaneously, or by dosing with drugs 
{e.g. alloxan, p. 910). A partial answer is thus provided about the role of 
specific cells of the organism (Problem 3), (but see (vii) below). 

(vii) Isolated and perfused organs are maintained under '' physiological ** 
conditions {i,e, under conditions which may reasonably be expected to obtain 
in the whole, unmolested animal) and treated with suitable metabolites 
(e,g, the use of adrenal glands perfused with steroid solutions to study the 
formation of adrenal corticoids, p. 960). This technique calls for considerable 
surgical skill, and is unsuited to micro- or multiple-experiments. It has 
been largely replaced by the use of tissue slices, which apparently continue to 

29* 
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function for a limited time in a manner closely resembling the whole tissue 
{e.g. the synthesis by liver slices of cholesterol from acetate (p. 799)). Althougt 
it is generally assumed (with justification in many cases) that results from 
tissue slices hold good for the whole tissue under similar conditions, it must 
be emphasised that the metabolism of an isolated organ is not necessarily 
the same as that of the organ in the intact body (consider, for example, the 
difficulties of interpreting the metabolism of a normal ” eviscerated prepara- 
tion (p. 911). It is uncertain to what extent it is justifiable to equate the 
metabolism of a compound administered from outside the cell with that of 
the same compound produced as an intermediate within the systems of the cell. 

(viii) Enzyme sequences are investigated using finely minced tissue 
homogenates, which contain some or all of the enzymes of the original but no 
organized cell structures {e.g. investigations on the citric acid cycle using 
liver homogenates to which the usual metabolites are added, p. 851). 

Conclusions from the homogenate technique are open to the objection 
that they are like detailed plans of a house drawn up solely from the pattern 
of bricks found after the house has been bombed. Nevertheless much of the 
knowledge of individual intracellular enzymes has been gathered in this way ; 
in the absence of indications to the contrary it is assumed that the normal 
processes of synthesis and dissimilation that occur within the cells of an 
organism are the same as those processes found in homogenates of those cells. 

The Investigations. — Eor any particular nutrient or factor (found by (i), 
and preferably identified), the broad paths of complete metabolism are first 
mapped out from work with the whole organism {e.g, the classic work of 
Eolin on urinary products derived from the N and S of administered protein, 
p. 890). Then these paths are separated into the sequences and steps of 
“ intermediate metabolism ” by the techniques outlined above. It should 
be the aim to produce an artificial reconstructed system using only pure meta- 
bolite, purified extracted enzymes and appropriate accessory factors, which 
will reproduce in vitro the overall result or particular sequences of it, implying 
a relatively complete knowledge of a possible natural metabolic system. 
Thus the entire process of the anaerobic dissimilation of glycogen to lactate 
(Fig. 556) has been achieved in vitro using purified, cell-free enzymes. But 
it must again be stressed that the demonstration of a transformation in a 
particular type of preparation cannot be taken as certain evidence that the 
same transformation occurs with the whole intact organism. Evidence 
from one technique should always be confirmed by other techniques with 
inherently different kinds of interference with the normal system. 

Isotopes in Metabolism Studies.^ — A chemical element may exist in 
several modifications called isotopes of that element. Isotopic atoms of a 
given element differ only in the mass of the atomic nucleus. They can be 
detected and distinguished physically, but cannot be distinguished chemically. 
Most natural isotopes have stable atomic nuclei (stable isotopes) and are 
detected by properties dependent on their different atomic masses (e.g. 
using a mass-spectrometer) ; the remaining isotopes have unstable, radio- 
active nuclei (radio-isotopes) and can be readily detected and distinguished 
by their emitted radiations. 

^ Hevesy, Radioactive Indicators, N.Y., 1961. Kamen, Radioactive Tracers in Biology, 
N.Y., 1961 ; Symposium on Isotopes in Biology and Medicine, Wisconsin, 1948. Sohon- 
heimer, Dynamic State of Body Constituents, Harvard, 1942. 
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Examfles, — ^Natural carbon (in the free state, in atmospheric COg, and in 
all its compounds) consists mainly of atoms of atomic weight 12 (written 
with a constant small proportion of a stable isotope ; in addition, 
two radio-active isotopes, and with differing types of radiation and 
different haLf-hves (i,e, the time for the radio-activity to decay to half-strength), 
can be prepared artificially. Hydrogen, as normally found in water and all 
organic compounds, consists of 99*98% and 0*02% of stable (also called 
deuterium, D) ; a radio-active (tritium, T) can be prepared artificially. 
Radio-isotopes are now readily available following the discovery of the 
chain-reacting atomic pile, which can produce almost limitless supplies of 
32p*^ 35 gHs^ 131 jHc many other radio-isotopes of the biological elements. 

Stable isotopes must be obtained by physical separation from natural materials, 
and large-scale plant is being developed for the supply of deuterium, 

15N, and 180. 

Principles op Tracer Technique. — Since isotopic atoms cannot be 
distinguished chemically, it is reasonable to suppose that the metabolic 
pathways of compounds differing only in their isotopic composition are 
identical. Isotopes are used as a recognizable ‘‘ label ” or tag ’’ for an 
element, ion, atomic grouping, or whole molecule. These labelled atoms are 
always identifiable in a normal atomic environment until they are diluted 
below the sensitivity of detecting instruments. Thus abnormal isotopic 
composition can be used to trace the chemical history of an element, usuaDy 
incorporated in a compound. Certain assumptions are made in using isotopic 
tracers : (a) That isotopic atoms or compounds containing them are 

biologically, as well as chemically, indistinguishable. This is only partly true, 
since their different physical properties (solubilities, diffusion rates, etc.) wiU 
influence the rates of their metabolic reactions. However, no qualitative 
differences are found. ( 6 ) That the radiation from radio-isotopes does not 
itself alter the metabolic systems. Provided only a tracer ’’ dose of isotope 
is used, no significant effects are found. In tracer experiments, no derange- 
ment whatever need arise in the normal metabolic systems. Admittedly the 
systems are supplied with an unusual metabolite but (with the two assump- 
tions mentioned above) the differences are such as cannot divert the normal 
mechanisms (contrast techniques (ii) and (in) on p. 904-5). The amount of 
radio-isotope administered is infinitesimal, though it may be incorporated in 
a latger amount of ordinary material as carrier. 

Experimental Procedures. — ^If the metabolism of an organic compound 
is to be studied, it must first be synthesized (chemioally or biologically) from 
simple, isotopically enriched inorganic material, incorporating the isotope 
at a known, stable position of the molecular structure (e.g. ^^S^-labeUed 
methionine (p. 882) prepared chemically from ^^ 8 * 04 ^ ; ^^C*-labeUed glucose 
(p. 912) extracted from plants grown in ^^G* 02 ). The choice of isotope is 
governed by : the atom to be labelled (there are no suitable rod^'o-isotopes of 
N or 0 ) ; the duration of the experiment compared with the half-life of the 
(radio) -isotope ; radiation hazards ; the dilution of isotope involved in the 
experiment (it must not be more than about 10 ® with stable isotopes, but can 
be up to 10 ® with radio-isotopes). The simultaneous use of distinguishable 
isotopes of the same element, or of two labelled atoms in the same compound 
gives fuller information (e.g. the study of multi-labelled glycine with the 
composition p. 880). 
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The labelled compound is then introduced into the system to be studied. 
Its isotope-containing intermediate and final metabolic products are readily 
detected and identified, and the position and amount of their labelled atoms 
can be determined to show their exact relationship to the original metabolite. 

In addition to their use in the study of chemical pathways and reactions 
labelled atoms and compounds can be used in the following types of 
investigations : 

(i) To follow the physical pathways, points of accumulation, and rates of 
absorption of ions, elements, and compounds {e.g. ionic transfer in cells, p. 7 ; 
absorption of iron, p. 209 ; accumulation of iodide in the thyroid (p. 973))/ 

(ii) To determine volumes and specific compounds by a dilution technique, 
based on homogeneous mixing with chemically identical non-isotopic material 
(e.g. red cell volume, p. 10 ; body fluid spaces, p. 11). 

(iii) To identify and isolate compounds on a microscale {carrier technique). 

Results of Isotopio Tracer Studies. — Many of the details of the 

metabolism of carbohydrates, fats and proteins described in this book have 
been obtained, or positively confirmed, by isotopic tracer techniques. The 
following are important examples : breakdown and synthesis of fatty acids 
(pp. 870, 873) ; rate of tissue dissimilation of glucose (p. 912) ; transforma- 
tions of sulphur-containing amino-acids (p. 882) ; transmethylation reactions 
(p. 883) ; urea synthesis (p. 887). 

In recent years, three new concepts of metabolic processes have been 
formulated, and it is difficult to see how these concepts could have developed 
before the advent of isotopio tracers : 

(а) The majority of the components of a living system are in a state of 
dynamic equilibrium, in a state of balance between breakdown and resynthesis 
{e.g. protein turnover, p. 879 ; ionic transport, p. 7). 

(б) The products derived from tissue breakdown are chemically and 
metabolically indistinguishable from many of the materials obtained directly 
from the external environment, and the classical distinction between endogen- 
ous (tissue) and exogenous (food) metabolism disappears (p. 890). Materials 
from both sources are equally available, and constitute general or specific 
pools of small molecules representing the magnitude of this availability 
{e.g. final common metabolic pathway, p. 853 ; amino-acid pool, p. 880 ; 
uric acid pool, p. 898). 

(c) The complex materials of a living system are built from the small, 
specific precursor molecules of the metabolic pools {e.g. purines from glycine, 
p. 897 ; cholesterol from acetate, p. 799 ; adrenaline from tyrosine and 
methionine, p. 729 ; creatine from glycine, arginine, and methionine, p, 893). 

Radio-isotopes are also used therapeutically ^ as sources of radiation 
which will be localized within the body {e.g. for the treatment of thyro- 
toxicosis, p. 997 ; fQj. polycythemia, p. 168). 

^ Low-Beer, GUnical Uses of Radioactive Isotopes, Illinois, 1950. Roberts, Archives 
Middlesex Hospital, 1951, 1, 219. 
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THE DUCTLESS GLANDS REGULATING METABOLISMi 

The ductless glands to be considered in this section are : 

(1) Islets of Langerhans. 

(2) Anterior Pituitary : the hormones concerned with growth 

and metabolism. (The hormones regulating reproductive activities 
are discussed on p. 1083, 1113. The posterior pituitary (neuro- 
hypophysis) is dealt with on p, 4:1). 

(3) Adrenal Cortex. 

(4) Thyroid. 

(5) Parathyroid. 

(6) Thymus : very little is known about the thymus and it is discussed 

here for convenience. 


ISLETS OF LANGEEHANS. INSULIN. DIABETES MELLITUS.^ 

Islets of Langerhans.^ — Scattered between the ordinary alveoli of the 
pancreas are small clumps of epithelial cells which are free from ducts, and 
are supplied by large convoluted capillary vessels (Fig. 579). These islets 
of Langerhans contain two kinds of cells distinguishable • by the character 
of their granules, which can be demonstrated by intravitam staining with 
neutral red : a granules which are fixed in alcoholic solution ; ^ granules 
which are fixed in watery solutions. The nerve supply of the islets is from 
the vagus (p. 917). 

The islets (probably the ^ cells) secrete the hormone insulin. The evidence 
is as follows : 

(i) Excision of the pancreas causes a severe and rapidly fatal condition 
closely resembling the disease diabetes meUitus which occurs in man. The 
operation can be carried out in two stages : (a) the greater part of the gland 
is removed and a part of the tail is transplanted under the skin. No glycosuria 
develops, and rapid recovery occurs (as the pancreatic remnant can form 
enough iufiulin to maintain health). (6) The transplant is removed later by 
a simple skin incision. In a few hours the urine contains 6-10% of glucose, 
and the animal usually dies in coma within three weeks. 

(ii) If the pancreatic ducts are ligated or blocked, the externally secreting 
tissue disappears, and the pancreas is converted into a thin strip of connective 
tissue which still contains the islets. Carbohydrate metabolism at this 

1 Selye, Text Book of Endocrinology^ Acta Endocrinologica, Montreal, 2nd end, 1950. 
Pincus and Thimann, The HormoneSt N.Y., vol. I, 1948 ; vol. 2, 1950. 

® Soskin and Levine, Ca/rbohydrate MetaboUsnif Chicago, 1946, Peters and Van Slyke, 
Qiuintitative CUnioat Chemistryt Int&rpreiations, vol. 1, pt. i, 2nd. edn., 1946. Himsworth., 
Lancet, 1939, ii, 1 et seq. 

» Gomori, BvU. N.Y. Acad. Med.. 1946, 21, 99. 
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stage is normal. Removal of this strip, however, leads to the development 
of intense diabetes mellitus. 

(iii) The administration of alloxan ^ to animals specifically poisons and 
destroys the ^ cells of the islets of Langerhans and produces symptoms of 
diabetes mellitus. 

(iv) The active principle insulin can be extracted from the pancreas 
and also from pure islet tissue. 

(v) In clinical diabetes mellitus, lesions of the cells of the islets are 
sometimes found, but not regularly. The significance of these results is 
considered on p. 918. 

Function of a Cells ? — Their function is unknown. A blood glucose raising 



Fig. 579. — Structure of Human Pancreas showing Contrast between Islet of 
Langerhans and surrounding Acinous Tissue ( X 470). (Maximow and 
Bloom, Text Booh of Histology, W. B. Saunders & Co.) 


substance, which is alleged to be derived from the a cells, has been extracted 
from the pancreas. This so-called hv'pe'ffilvoce'ma aaent i s found in minute 
amounts associated with insulin preparations. The physiological role, if any, 
of this agent, requires further study (of. p. 918, footnote 1). 

Insulin.® — Insulin, the internal secretion of the islets, is a soh ^le protein., 
with a molecular weight in solution of 48,000 ; it has been'iS5lSiedin pure 
crystalline form and considerable progress has been made with determining 
the arrangement of the amino-acids along the peptide chains. It is destroyed 
by proteolytic enzymes in the bowel and therefore has always to be 
administered parenterally, usually by subcutaneous injection. Like all the 
hormones which regulate metabolism, insulin probably acts on certain of the 
tissue enzymes which influence chemical transformations. 

Action of Insulin. — Glucose diffuses readily through the capillary 

1 Lukens, Physiol. Bev., 1948, 28, 304. 

^ Bruch, Arch. ini. Med., 1960, 88, 427. Pijicus, J. din. Endoorin., 1960, 10, 666. 

® Jensen, in The Hormones, N.Y., 1948, 1, 301. 
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endotlielia and cell membranes and is tbns distributed fairly uniformly 
tbrougbout tbe body fluids, botb extracellular (including tbe blood) and 
intracellular. It should be emphasized , that the blood . glucose level is an 
appro^mate. ,^de ta the. „concentratipn^of glucose in, the body, fluids. The 
total body-fluid glucose content obviously depends on the rate at which 
glucose enters and leaves these fluids. Insulin decreases the glucose con- 
centration in the body fluids (and thus lowers the blood glucose level) because 

(i) it increases the withdrawal of glucose from these fluids, and (ii) it decreases 
the rate of addition of glucose to these fluids. 

(1) Insulin increases the withdrawal of glucose from the body fluids in 
three ways : 

(1) It increases the deposition of glycogen in the liver and in the muscles 
(and perhaps also in other tissues). 

(ii) It increases the rate of complete dissimilation (oxidation) of glucose 
to CO 2 in the tissues. 

(iii) It increases the rate of conversion of glucose in the liver into fatty 
acids. It also facilitates the deposition of fat (lipogenesis) in adipose tissue 
from glucose. 

(2) It decreases the rate of addition of glucose to the body fluids in two ways : 

(i) It depresses neoglucogenesis (new glucose formation from the non- 
nitrogenous residues of aminq-acids.) 

(ii) It may perhaps depress the rate of conversion of liver glycogen into 
glucose. 

Methods of Study. — The action of insulin can be studied on many 
preparations and in many ways : 

(i) In the whole animal, either normal or depancreatized or subjected to 
other operative procedures. 

(ii) In the eviscerate preparation. By evisceration is meant removal of 
the liver, kidneys and intestine ; under these conditions there is no absorption 
of monosaccharides from the intestine and none can be lost in the urine. 
The liver, which is the prime regulator of the blood glucose level is excluded. 
(If the brain is removed as well, convulsions due to hypoglycsBmia (p. 915) 
are prevented). The preparation thus consists essentially of a circulation, 
artificially ventilated lungs, and muscles. If the pancreas is left intact^ the 
preparation is called (by an illuminating convention) normal ” ; if the 
pancreas also is removed^ the preparation is described as depancreatized or 
“ diabetic 

Soskin has used this preparation to determine the rate of what he calls 
glucose ‘‘ utilization ”, i,e, the amount of glucose which is withdrawn from 
the body fluids and either completely dissiimlated (oxidized) to COg or trans- 
formed into other substances, but excluding the glucose which is converted 
into glycogen, other hexoses or lactic acid. 

(iii) On perfused isolated organs and tissue shoes. 

The use of isotopically labelled substances in any of the above preparations 
greatly simplifies the interpretation of the results. 

Some of the actions of insulin are considered below in greater detail. 

1. Effect of Insulin on Rate of Glycogen Deposition.-^(l) Glycogen 
can be formed from glucose by isolated tissues (e.^. muscle in vitro) in the 
absence of irisiilin if the appropriate enzyme systems are present. The rate 
of glycogen formation increases as the concentration of glucose in the medium 
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is increased. Thus Fig. 580, lower curve (insulin absent), shows that when 
the glucose concentration in the medium was increased from 100 to 400 mg-y 
the amount of glycogen formed by the muscle rose from 150 to 350 mg./lOO g. 
Similarly in the intact animal, the rate of glycogen deposition in the muscles 
and in the liver is directly related to the blood glucose level. 

(2) In vitro, the addition of insulin to the medium increases the rate of 
glycogen deposition, particularly when the glucose concentration in the 
medium is within physiological limits. A comparison of the lower and upper 
curves in Fig. 580 shows that when the glucose concentration in the medium 
was 100 mg--% the addition of insulin increased the rate of glycogen deposition 
about threefold. 

(3) Similar results are obtained in vivo, e.g, in eviscerate preparations both 
depancreatmed and normal 

2. Effect of Insulin on Rate of Glucose Dissimilation and ^‘Utiliza- 



tion ' — (1) Studies or 

Glucose “ Utilization.” — 
The rate of glucose “utiliza- 
tion ” (in Soskin’s sense, p. 911) 
is directly related to the blood 
glucose level. In the “ normal ” 
eviscerate preparation an in- 
crease in the blood glucose 
level (within certain limits) 
increases the rate of glucose 
“ utilization In the depan- 
creatized preparation a similar 
relationship holds good, but 
the rate of glucose “ utilization” 
at any given blood glucose 
level is considerably lower than 
in the “ normal ” preparation. 
These findings are illustrated 
by the two curves in Fig. 581. 
Thus at a blood glucose level of 100 mg-% the “ normal ” preparation 
“ utilized ” 250mg. kg. hour compared with only 100 mg. in the depah- 
creatized preparation. These observations show that insulin increases the 
“ utilization ” of glucose by the tissues. 

(2) Studies op Glucose Dissimilation.^— Glucose containing is 
injected into an animal, and the concentration in the blood glucose and 
in the COg of the expired air is determined. From these data and the volume 
of total body water the amount of glucose which has been completely dis- 
similated (oxidized) to CO g in a given time can be determined. Such studies 
prove that glucose can still be completely dissimilated in the absence of insulin. 
The depressant effect of insulin lack on the rate of glucose dissimilation varies 
with the species. Thus in the rat made diabetic with phloridzin the rate of 
glucose utilization is 85% of the normal. In the completely depancreatized 
dog, however, the rate falls to 40% of normal. It should be remembered that 

^ When “ utilization ’* is written thus (in inverted commas) it is being used in Soskin’s 
sense. 

2 Chaikoff 6^ al, J. biol, Chtm., 1960, 187, 671 ; 1961, 188, 865. 


GLUCOSE IN MEDIUM (m^.pcr lOOcc.) 

Fig. 580. — Inlluenco of Glucose Concentration 
on Deposition of Glycogen in Muscle (rat 
diaphragm) in vitro, in the Presence or 
Absence of Added Insulin. (Sosldn et ah, 
Proc, Soc. exp, Biol, Med,, 1941, 46, 390.) 
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these diabetic animals are markedly byperglycsemic and that their high blood 
glucose level compensates in part for the absence of insulin, by directly 
increasing the rate of glucose dissimilation. The injection of insulin into these 
animals increased the rate of glucose dissimilation in spite of the fact that the 
blood glucose level was simultaneously reduced. The effect of insulin lack 
and of the blood glucose level on the rate of glucose dissimilation in man has 
not yet been examined by tracer methods. 

3. Studies OF Conversion of Glucose to Fatty Acids in the Liver. — 
Studies on liver slices using tracer methods glucose) have shown that in 
normal animals on a high carbohydrate diet the hver rapidly converts glucose 
into long chain fatty acids, in the main acids containing 16 of 18 carbon atoms. 
If insulin is added to the medium the rate of this conversion is further 
increased. If liver slices from diabetic animals are used, it is found that 
(owing to the absence of 
contained insulin), glucose 
can no longer be converted 
into fatty acids. 

4. Studies on Lipo- 
GENESis. — In the diabetic, 
the deposition of fat (in 
adipose tissue) from dietary 
glucose is depressed. Thus 
in the normal rat on a daily 
glucose intake of 15 g., 5 g. 
was converted daily into fat ; 
in the diabetic rat the 
amount of glucose converted 
into fat was reduced to one- 
twentieth of normal.^ If 
insuhn is injected directly 
into adipose tissue the local 

deposition of fat is increased. .... 

5. Studies on Neoglucogenesis. — The evidence that msulin inhibits 
hepatic neoglucogenesis is given on pp. 857 et seq,, 914, 920. 

Relation of Insulin to Tissue Enzyme Systems and to other 
Hormones. — Before glucose can enter the metabolic machinery of the 
cell ’’ it must first be phosphorylated by ATP (adenosine triphosphate) in 
the presence of the enzyme hexokinase to form glucose-6-phosphate ; 
subsequently the hexose is either built up into glycogen or dissimilated 
(p. 844). In the absence of insulin the initial phosphorylation reaction does 
not proceed at the normal rate. Several attempts have been made to explain 
how insulin promotes the phosphorylation of glucose. 

(i) According to Cori, insulin acts indirectly on the enzyme hexolonase. 
He concludes from experiments on tissue extracts that hexokinase is toectly 
inhibited by anterior pituitary and adrenal cortex hormones which thi^ 
depress the rate of glucose uptake by the cells. Insulin (according to Con) 
has no direct action on hexokinase but it annuls the inhibitory action oi the 
other hormones; it thus releases hexokinase which can accelerate the 
phosphorylation of glucose. 

1 Stetten, Becent Progress Homwm Besearch, 1949, 4, 189. 



Fia. 581.— Kelationship between Blood Sugar 
Level and Rate of Glucose “ Utilization ” in 
Eviscerate Preparations in “ Normal ’* and 
Depancreatized Dogs. (Soskin and Levine, 
Amer, J» Physiol,, 1937, 120, 761.) 
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(ii) But studies on purified liexokinase preparations using pure anterior 
pituitary hormones, pure adrenal corticoids, and insulin have not confirmed 
Cori’s observations which were made on cruder materials. There is thus no 
decisive evidence at present that any of these hormones influence the hexo- 
kinase system. It is probable that these hormones act on the complex 
enzyme systems which control the reaction 

Free Glucose Hexosc ])hosphate 

but the precise enzyme which they act on is as yet undetermined. Insulin 
promotes this reaction ; the anterior pituitary and adrenal cortex hormones 
block it. In the irormal animal the actions of insulin and its antagonists are 
correctly balanced. An excess or a deficit of either group of hormones disturbs 
the rate at which the phosphorylation of glucose proceeds. Thus lack of 
insulin decreases the rate of glucose uptake by the cells ; excess of insulin 
has the reverse effect. Excess of anterior pituitary or adrenal cortex 
hormones has the same effect as lack of insulin. 

(iii) Insulin produces its characteristic effects in the hypophysectomized 
or adrenalectomized animal ; in fixet under these conditions insulin sensitivity 
is markedly enhanced (p. 926). These observations demonstrate that inanlin 
does not act solely by modifying the action of other hormones. 

(iv) Insulin influences other reactions besides the phosphorylation of 
glucose : its detailed mode of action is unknown. Thus, as already stated, 
it inhibits hepatic neoglucogenesis and promotes lipogenesis* The former 
action is antagonized by anterior pituitary and adrenal cortex hormones. 

“ Action of Insulin in the Intact Animal or Man. — (1) HYPOOLYCiBMiA. 
— As a normal animal is not in need of extra insulin the result of the insulin 
injection is a pathological hypermmXmtmivx, The outstanding effect of 
insulin is to reduce the glucose content of the body fluids ; there is conse- 
quently a rapid fall of the blood glucose {hypoglycoomia). The symptoms 
of hypoglycmmia are almost entirely referable to changes in the central 
nervous system, because circulating blood glucose is the sole soui’ce of energy 
of the brain ; a fall of blood glucose deranges cerebral activity. Hypo- 
glycmmia is a harmful and dangerous state ; the body reacts to it in a manner 
which tends to restore the blood glucose level to normal. The effects of insuhn 
injection in the normal animal are therefore the algebraic sum of (i) the 
direct action of insulin and (ii) the compensatory reactions which occur to 
overcome the hypoglycsemia. 

(2) Causes oe Insulin HYPOOLYCiEMiA. — The fall of blood sugar is 
due (i) to increased withdrawal of glucose from the body fluids to form 
glycogen, fatty acids, and fat, and (ii) to decreased flow of glucose into the 
body fluids. In the normal animal when there is a simple withdrawal of 
‘ glucose from the body fluids, e.g. in exercise, no significant hypoglycsemia 
occurs even in the fasting state because a compensatory increased inflow 
of glucose takes place. The hver is the site of this reaction : it converts 
glycogen stores into blood glucose and forms new glucose from amino-acid 
residues. Insulin inhibits these reactions of the liver and so the hypoglycsemia 
is initialljr progressive. 

'""""l^)*”EEodvEiiy EKOM THE Hypoglyo.®mia. — III the intact animal the 
hypoglycsemia sets up a series of complex reactions which gradually restore 
the blood glucose level to normal. The main reactions are as follows : 

(i) The hypothalamus is stimulated causing increased secretion of 
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iionnones which antagonize the action of insulin on the liver and tissues ; 
there is evidence for example that the secretion of ACTH is increased which in 
turn leads to a discharge of adrenal corticoids. 

(ii) There is increased sympathetic activity and increased secretion of 
adrenaline ; conversion of liver glycogen to glucose is thus accelerated. 

As the concentration of insulin decreases and that of its antagonists 
increases the withdrawal of glucose from the body fluids falls and the inflow 
of new glucose rises ; ultimately the normal blood glucose level is restored. 

The importance of the role of liver in the compensatory reactions can easily 
be demonstrated. In the liverless animal, the blood glucose is lowered by 
insulin but never recovers ; if insulin is injected into an animal in which the 
Kver has been partially extirpated or damaged, recovery of the blood glucose 
is delayed and is not complete (Kg. 582). 



a.m, p.m, am. p.m. 

Fig. 682. — ^Action of Insulin on Blood Glucose before and after Partial Hepatectomy in 
the Dog. (After Mann et ah, Amer, J. Phyaioh, 1923, 65, 416.) 

Ordinate : Blood glucose in mg./lOOc.c. 

Abscissa : Time in hours. 

Normal ; ether was given to make conditions comparable with those in the operated animaL Blood glucose 
rises. At arrow, inject insulin (0*16 unit/kg.). Note rapid fall and rapid recovery of the blood glucose. 
Partial Hepatectomy : give ether and remove 75% of the liver tissue. Repeat inauHn injection. There 
is the same fall of blood glucose but recovery is slow and incomplete. 


(4) Symptoms op HYPoaLyc.®MiA in Man. — ^As explained above the 
principal manifestations of clinical hypoglycssmia are cerebral in origin. 

(i) There is a feeling of extreme hunger and a great sense of fatigue ; 
walking becomes diiB&cult. The patient may become anxious, worried, 
excitable, or behave as if he were intoxicated with alcohol or demented. 

(ii) Tremulousness develops, and fine movements cannot be carried out. 

(iii) Vasomotor disturbances of cerebral origin occur, e,g, flushing and 
profuse perspiration which may soak the bedclothes, or pallor and a sense of 
chilliness. The latter symptoms may be due to the compensatory secretion 
of adrenaline which occurs. 

(iv) Later, there are graver mental disturbances, delirium, and convul- 
sions ^ ; coma then develops with loss of the deep reflexes. 

^ Insulin hypoglycsemia is sometimes deliberately produced in. patients with schizo- 
phrenia in order to produce convulsions which are alleged to improve the clinical state. 
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The first symptoms may set in at a blood glucose level of 75 mg-%, or not 
till a much lower level, e.g, 30 mg-% is reached. In chronic diabetics with 
high blood glucose, symptoms may occur when the hyperglycoemia is suddenly 
reduced though the blood glucose level is still above normal, e,g. at a level 
as high as 150 mg-%.^ 

(5) Relief of HYPOGLYCiSMiA. — The symptoms of hypoglycoemia are 
relieved by the administration oi glucose. The other hexose monosaccharides, 
e.g. mannose or fructose (Icovulose), are relatively ineffective. Adrenaline 
helps by mobilizing the liver glycogen ; this action on the liver is, however, 
more marked in a well-fed animal than in a starved or diabetic subject, in 
whom the glycogen stores of the liver are low. 

Clinical Hyperinsulinism, — This condition usually occurs in associa- 
tion with hyperfunctioning tumours of the islets of the pancreas. The 
symptoms are those of typical hypoglycsemia ; in one case ^ the patient first 



TIME IN HOURS 

33^0. 583. — Relation of Pancreas to Blood Glucose !Regulation. 
Blood glucose curves in dogs. 


(a) Pancreatectomy (progressive rise of blood glucose). 

(b) l^anoreatectomy combined with simultaneous pancreatic graft (normal blood glucose). 

(c) Previous pancreatectomy loading to rise of blood glucose : pancreatic graft (at O) restores 

raised blood glucose to normal. (Houssay, Amcr. J, med, Sd., iy»7, 29S.) 

complained of weariness and confusion, and ultimately collapsed towards 
the end of each day ; he said that he felt better after food. As the disease 
progressed, symptoms developed three hours after meals when the blood 
glucose was 55 mg-% ; four hours after food, perspiration, muscular twitching, 
and incoherent speech were noted when the blood glucose was 36 mg-% ; when 
it fell to 27 mg-%, stupor set in, but ten minutes after administering glucose, 
recovery was well established. At operation a pancreatic tumour was found 
(which could not be removed), consisting of cells resembling islet tissue, and 
a secondary deposit of similar appearance was seen in the liver. After the 
operation the condition became worse, and no less than 1000 g. of carbo- 
hydrate had to be given daily to ward off hypoglycsomic manifestations. 

Control of Insulin Secretion.^ — (1) Insulin is continuously secreted in 
the normal animal. This is demonstrated by the eflFects of pancreatectomy ; 
after this operation the blood glucose commences to rise within 2-4 hours 

^ The inauUn test of gastric secretory activity is discussed on p. 786 (cf. Figs. 616, 617). 

* Wilder et aL, J. Amer. med. Assoc., 1927, 80, 348. 

* MacLeod, Lancet, 1930, ii, 612. 
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(Fig. 583, a), continues to rise for 1—2 days, and then becomes steady at the 
new high level. 

(2) Insulin secretion can occur in the absence of the pancreatic nerve 
supply. Thus a successful pancreatic graft (attached to the circulation 
of the neck of the recipient via the jugular vein and carotid artery) prevents 
the onset of hyperglycaemia if introduced immediately after pancreatectomy; 
it restores the blood glucose to normal in an operated animal with fully 
developed diabetic symptoms (Fig. 583, 6, c) ; such a graft is, of course, 
completely denervated. Fundamentally, then, the regulation of carbohydrate 
metabolism is not dependent on the integrity of the nerve supply to the islets. 

(3) The rate of insulin secretion is regulated by tb ft of glucose 

in the arterial Uood reachincj the 


pancreas, TJbus, too, can be well 
aembnsirated on a pancreatic 
graft. If a 2*5% solution of 
glucose is injected into its artery, 
there is a transient fall in the 
general blood glucose level, 
indicative of an increased out- 
pouring of insulin by the islet 
cells (Fig. 584). 

(4) The islets, however, re- 
ceive a rich innervation from the 
vagi which may constitute a 
‘'fine adjustment” of secretion 
of insulin. Stimulation of the 


INJECTION 


A ^ 

; — ' a. 
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vagi is said to lower the blood 
glucose owing to an outpouring 
of insulin. Cross-circulation ex- 


periments indicate that changes 
in the blood glucose act on the 
central nervous syst em (hypo- 
tEalamus, pons ana and 

modify insulin secretion appro- 


Fio, 584. — ^Begulation of Insnlin Secretion. 

Blood glucose curves In pancreatectomized dogs "with 
functioning pancreatic graft. During the period 
marked injtectioii, fluids were injected as follows : 

(а) 2*5% glucose into jugular vein (blood glucose un- 
changed). 

(б) Locke's solution into pancreatic artery (blood glucose 
unchanged). 

(c) 2-6% glucose into artery supplying pancreatic graft. 
Note marked fall of blood ^ucose which is evidence 
of insulin secretion. (Houssay, Amer, /. med. Sci., 
1937, m.) 


priately via the vagi (of. p. 785). 

After section of the vagi, the blood glucose level is maintained within 
normal limi ts, but the glucose tolerance curve declines more slowly than 
normal. Though the islets are thus partly under nervous control, their 
secretory activity is mainly regulated by the level of the blood glucose. 

(5) The action of anterior 'pituitary extracts and thyroid on the islets is 


considered below, p. 918. 

Experimental Diabetes Mellitus. — ^Diabetes mehitus must be regarded 
not as a disease but as a syndrome (i,e, a distinctive group of symptoms and 
signs), the only indispensable constituents of which are persistent hyper- 


glyccemia and glycoswia. 

Diabetes mellitus as thus defined can be experimentally produced in a 


number of ways. 

(1) By Panokeatbotomy in animals (p. 909) or man. Recently the 
pancreas has been completely removed in man in cases of malignant disease 
of the gland. These patients reveal for the first time the effects of 
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uncomplicated deficiency of insulin in tlic human subject. The findings 
closely resemble those found in experimental pancreatectomy or in clinical 
cases of diabetes mellitus, but the amount of insulin required to maintain a 
normal blood glucose level is moderate, i.e. 25-4.0 units per day on a diet of 
250 g. of carbohydrate, 100 g. of protein, and 100 g. of fat.^ 

(2) Thyroid and HyroPHYSEAL 13.tabetes. — Administration of dry 
thyroid or injection of diabetogenic anterior pituitary extracts induces 
hyperglycsemia and glycosuria for as long as the treatment is kept up but 
for no longer. These hormones antagonize the action of insulin. 

(3) Metahyrophyseal DiABETES.-~Certaiii crude anterior pituitary 
extracts are injected daily, the dose being increased every few days. Such 
treatment continued for a few weeks produces in the dog a diabetic state 
which persists indefinitely although the pituitary injections are discontinued. 
The only discoverable lesion is in the islets, which show pathological changes 
of varying degrees of severity ranging from depiction of the jS cells to complete 
disappearance of the islets and their replacement by hyaline tissue. These 
animals differ from depancreatized dogs in several respects ; in particular 
they can survive for long periods without insulin treatment. It is thought 
that the pituitary extracts first stimulate the islet cells (perhaps by producing 
hyperglycsemia) and then exhaust and finally destroy thenn, producing insuhn 
lack. The experiments suggest the possibility that clinically, temporary 
pituitary disorder may produce a permanent islet lesion and consequently 
lasting ^abetes. 

(4) Mbtathyroid Diabetes. — Prolonged thyroid treatment likewise 
damages the islets (again perhaps because of the hyperglycsemia induced), 
but the injury is less severe than that induced by anterior pituitary extracts 
or by alloxan. Thyroid treatment will thus only induce a permanent diabetic 
state, i.e. one which outlasts its administration, if most of the pancreas is 
previously removed. The animal is then left without a reserve of islet tissue ; 
if the remaining islet tissue is now injured by thyroid administration, a 
persistent insulin deficiency and diabetes result. 

(5) Alloxan poisoning (p. 910). 

(6) High Carbohydrate Diet. — It is claimed that ingestion of large 
amounts of carbohydrate over long periods may initially stimulate and 
finally exhaust and damage the islets. 

Clinical Diabetes Mellitus.^ — In the past, owing to the similarity 
between the metaboHc changes in human diabetes mellitus and in the 
pancreatectomized animal it was generally supposed that the clinical con- 
dition was always due to a pancreatic lesion. Post-mortem examination of 
the pancreas gives only partial support to this view. Gross macroscopic 
changes in the pancreas are rare ; oedema of the p cells of the islets has been 
demonstrated on microscopic examination a few hours after death, and 
regarded as evidence of deficient insulin secretion. Often, however, no lesions 
can be found in the islets, Soskin has said that clinical diabetes melhtus is a 

^ These results show that in man after panoroatootomy the insulin requirements are 
less than in some oases of clinical diabetes mellitus. It was pointed out on p. 010 that 
recently a blood glucose raising factor (called “ hyperglyoeemio factor”) has been isolated 
from impure insulin and from the islets. Those findings suggest the possibility that the 
hyperglyo®mia in pancreatic disease may sometimes be due not only to insulin lack hut 
also to exoess of a blood glucose raising factor of pancreatic origin. 

* Himsworth, Lancet, 1949, i, 465. 
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disease of unknown setiology, thus emphasising our ignorance of the causal 
agent or of the site of the anatomical lesion in many cases ; hut whatever 
the site of the lesion in chnical cases ^afunctional result is always to produce 
a metabolic disturbance similar to that caused by insulin lacJc. This view is 
confirmed by the finding that injection of insulin ameliorates the metabolic 
and clinical state in almost every case of chnical diabetes melhtus, whatever 
the cause may have been. 

Clinically the diabetic syndrome may be due to : 

(i) Pancreatic islet deficiency: unless there is evidence to the contrary, 
chnical cases of diabetes melhtus are always attributed (peri^ps wrongly) 
to insulin lack. The clinician 
likes to restrict the term “ dia- 
betes mellitus ’’ to this class of 
case. 

(ii) Hyperpituitarism : e.g. in 
acromegaly (p. 941), or Cushmg’s 
syndrome (p. 965). 

(iii) Hyperthyroidism, i.e, in 
Graves’ disease (p. 991). 

(iv) Increased secretion of 
adrenal cortex hormones (cortico- 
metabohc syndrome (p. 967)). 

Metabolism in Diabetes 
Mellitus (Experimental and 
Clinical). — 1. Changes in 
Carbohydrate Metabolism. — 

The changes described below can 
be readily deduced from the 
known actions of insulin. 

(1) Glycogen Formation. — 

This is depressed in the hver and 
muscles : 

(1) The resting liver glycogen 
level is low. 

(ii) The resting skeletal 
muscle glycogen level is hkewise 
diminished. In the normal animal the decrease in muscle glycogen content 
which occurs after tetanic stimulation is made good rapidly and completely ; 
after pancreatectomy the restoration of the exhausted muscle glycogen is 
very much delayed. 

(2) Carbohydrate Utilization ” and Dissimilation by the Tissues. 
— There has been much discussion about this matter; at different times it 
has been argued that after pancreatectomy carbohydrate utilization 
or dissimilation is abohshed, or is impaired, or is unaffected. 

(i) It is certain that carbohydrate ‘‘ utilization ” is not^ abolished. This 
is proved by the studies on the eviscerate depancreatized preparation 
described on p. 911. Again, if the liver is removed in a normal animal the 
blood glucose falls ; the rate of fall is a rough measure of the rate of carbo- 
hydrate “ utilization ” by the tissues. If the liver is removed in s, depan- 
creatized animal, the blood glucose (which is initially abnormally high) likewise 



Fig. 685. — ^Effect of Removal of Liver on Blood 
Glucose in Normal and Depancreatized 
Animal. (Mann and Magath, Arch. int. 
Med., 1923, 31, 797.) 
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falls rapidly (Fig. 585), proving that glucose “ utilization ” is continuing on a 
considerable scale. 

(ii) The rate of glucose dissimilation to CO^ has been directly determined 
in diabetic animals using tracer methods. In the dog (which in its metabolic 
behaviour closely resembles man), the rate of glucose dissimilation as already 
noted is reduced by pancreatectomy to 40% of normal. Administration of 
insulin restores the rate of dissimilation to normal. 

(3) Transformation of Glucose to Fatty Acids and Fat. — The 
conversion of glucose to long chain latty acids in the liver and of glucose 
to fat in adipose tissue almost ceases. It had been supposed at one time 
that in the diabetic, fat is converted on a considerable scale into blood 
glucose ; this is not the case. What happens is that dietary glucose which 
would normally have been removed and stored as fat now remains in tL 
body fluids and thus raises the blood glucose level.^ 

(4) HypERGLYCiEMiA. R6 le of Neoglucogenesis,— The blood glucose 
level is abnormally high, e.g, 200 mg-% or oyer, even in the fasting state. 
The hyperglycmmia is due to (i) decreased withdrawal of glucose from the 
body fluids (see (l)-'(3) above) and (ii) to ill-regulated activity of the liver 
with respect to neoglucogenesis. The fundamental importance of the liver 
is shown by the fact that removal of the liver in the depancreatized animal 
produces fatal hypoglycmmia. In the fasting normal animal the liver manu- 
factures, new glucose from amino-acids (formed by the hydrolysis of protein) 
and secretes it into the' blood in amounts sufficient to maintain the normal 
blood glucose level. In the diabetic state on the other hand the liver manu- 
facturesi and secretes, unnecessary “new’* glucose into the blood arid thus 
aggravates the hyperglycmmia. It is uncertain whether the absolute amount 
of glucose formed by the liver is greater than in the normal animal ; but 
whatever the amount it is obviously more than is needed. As much of the 
blood glucose is excreted in the urine there is a considerable loss of energy. 
In the fasting diabetic the “ new ” glucose, which is wastefully made by the 
liver comes from tissue protein reserves ; marked loss of body weight therefore 
occurs. 

(5) Respiratory Quotient. — The respiratory quotient is lowered in the 
diabetic from the normal value of 0*8-0*85 (on a mixed diet) to values in 
the region of 0*7. This has been interpreted as signifying that fat alone is 
being dissimilated and not carbohydrate, t.c. as giving support to the extreme 
‘‘non-utilization of carbohydrate*’ view which has been proved to be in- 
correct. But as explained on p. 373, the interpretation of the respiratory 
quotient is beset with difficulties ; as a rule, far from the R.Q. increasing 
our knowledge of metabolic processes, a detailed study of the metabolic 
processes usually has to be undertaken to account for the R.Q. observed. 
The low R.Q. is probably due to several factors : 

(i) The decreased dissimilation of glucose (R.Q. of gluco8e=l*0). 

(ii) The increased dissimilation of fats (R.Q. of fat=:0’7). 

(hi) More fat is converted in the liver into ketones than the tissues can 
use ; the excess ketones are excreted in the urine. The conversion of say, 
1 mol. of palmitic acid into the equivalent 4 mols. of acetoacetic acid (if this 
is not dissimilated further) involves the utilization of 7 mols. of Og without 
any corresponding evolution of CO 2 . Thus : ' 

^ Stotten, BecerU Progress Hormone Research, 1949, 4, 189. 



GLYCOSURIA 


921 


CisHpOa ICHjCOCHaCOOH 

palmitic acid. acetoacetic acid. 

The measured R.Q. is the ratio of -g — consum^ ^'^tire metabolism of 

the body* The conversion shown in the above equation increases the denomin- 
ator only and so lowers the R.Q. 

(6) Glycosuria. — Owing to the hyperglycaemia the tubule reabsorption 



Fig. 586. — Glucose Tolerance Curves 
in Various Conditions. 


(Drawn from data in Beaumont and Dodds, Recent 
Advances in Medicine.) 

n each case the blood glucose was determined before and after 
the ingestion of 50 g. of glucose. A—JiTormal subject 
B=Mild diabetes; normal blood glucose during fasting. 

C = Severe diabetes ; blood glucose when fasting. D=More 
severe diabetes. E= Renal glycosuria. 

maximum (Tm<j) for glucose is exceeded (p. 927) ; in other words, the glucose 
filtered out of the blood into Bowman’s capsule is not completely reabsorbed 
(as it is normally) by the tubular epithelium back into the blood ; glycosuria 
results. Owing to the extensive reabsorption of water which always takes 
place in the tubules, the concentration of sugar in the urine rises to levels 
far above that in the blood, even, for example, up to 5 g-%. The osmotic 
pressure exerted by the high concentration of glucose in the urine is consider- 
able and hampers the reabsorption of water ; so more water than normally is 




CHANGES IN FAT METABOLISM 


928 


or moxd. Subsequently a very slow fall sets in, so that many hours may 
elapse before the fasting blood glucose level is regained. 

The initial hyperglycsemia and the shape of the post-ingestion curve are 
due to lack of insulin and the consequent failure of the body to respond to 
the increase in the body-fluid glucose. The final fall of the blood glucose 
is due mainly to the excretion of glucose in the urine. 



MINUTES 

Fig. 687. — Effect of Carbohydrate Content of previous Diet on 
Glucose Tolerance Curve. (Himsworth, Lancet, 1939, ii.) 

Piet A=60 g. carbohydrate, 80 g. protein, 240 g. fat. 

Diet B=B00 g. carbohydrate, 80 g. protein, 40 g. fat. 

0= Control (cf. Mg. 688.) 


9 , r. Vn^ng qs in Eat- Metabolism.— q) Non-Tbansfokmation of 
Gltjoose into Fatty Acids and Fat— S ee p. 920. 

(2) Excessive Ketone Foemation in the Livee. — ^Ketones are formed 
from fat in the liver and turned out into the blood at a faster rate than the 
tissues can use them ; the blood ketone level is thereby raised (ketoas, 
ketaemia) and ketone bodies are excreted in the urine (p. 924). The excessive 
ketogenesis is related to the fact that the liver is depleted of glycogen and 



Fio. 688.-Bffeot of Carbohydrate Contot of previous Diet on Peripheral 
Uptake of Glucose by Tissues. (Himsworth, Lwnxet, 1939, u.) 





924 


KETOSIS 


laden with fat. Even in tlie fasting state the ketosis persists, the ketone 
bodies being formed from fat wliich is mobilized in large amounts from tke 
fat reserves. 


The role of the liver in blood ketone regulation is as important as its role 
in blood glucose regulation. After he])atectomy the blood ketone level 
decreases as rapidly in the dcpancreatized as in the normal animal. If the 
liver is damaged in the diabetic patient both the ketosis and the hyper- 
glycsemia are reduced. Though the diabetic manifestation are less marked 
the patient is worse because he now also suflers from the serious condition of 
hepatic failure (p. 869). 

(3) Ketone Utilization. — The power of the tissues to utilize ketones is 
unimpaired in diabetes. As less glucose is used a larger proportion of the 
energy needs of the body is supplied by ketones (or comj)lete oxidation). 

(4) The blood fat (in the form of triglyceride) rises (lipsemia). The 
lipoomia indicates that fat is called out ” of the depots into the blood faster 
than the liver can withdraw it from the blood ; the development of fatty 
liver indicates that the liver is taking up fat from the blood faster than it 
can dispose of it by conversion into ketones. 

(5) The blood cholesterol level also rises, even up to 1*5% in extreme cases. 

( 6 ) The glycerol (CHoOH.CUOH.CHaOH) of neutral fat is converted 
normally into glucose (in the liver). 

Results op ICetosis. — The ketone bodies are aoetoacetic acid (the 
substance primarily formed) and ^-hydroxy-butyric acid ; these acids are 
interconvertible. Acotoacetic acid breaks up in the blood and the urinary 
bladder to form acetone which is eliminated in the expired air (giving it its 
characteristic smell) and in the urine (see p. 869). 

The presence of abnormal amounts of acetoacetic and /^-hydroxy-butyric 
acid in the blood tends to induce a metabolic acidmrnia (p. 99). The 
usual compensatory reactions occur (p. 102 ) : 

(i) The acids are initially neutralized by the NaHC 03 of the plasma. 

H.Ak+NaHCOg ^Na.Ak+HsO+COg 

(Ak is the acid ketone body under consideration.) 

(ii) There is compensatory hyperpnoea which eliminates (a) the extra 
CO 2 liberated by the above buffering reaction and ( 6 ) additional COg as well 


so as to get rid of enough extra COg to make up for the decrease in the plasma 
alkali (NaHCOg). The ratio determining blood reaction is brought 


back approximately to normal ; the numerator (bicarbonate) is primarily 
reduced by the buffering reaction ; the denominator (H 2 CO 3 ) is secondarily 
reduced by the compensatory overventilation (p, 396). 

(iii) There is excretion of a highly acid urine (p. 94), 

(iv) There is increased NH 4 + excretion : more NH 3 is made by the renal 
cells to neutralize the abnormal acids (p. 97). 

Direct measurement of the H+ ion concentration of the blood reveals 


little change in most cases of diabetes, proving how effectively compensation 
of the acideemia is carried out. 


3. Changes in Protein Metabolism. — Normally the non-nitrogenous 
residues of the amino-acids are converted into glucose (mainly) and ketones 
(to a small extent) in the liver. In the diabetic, neoglucogenesis from protein 
takes place excessively, and this overproduction largely contributes to the 
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hyperglycsemia ; there is also some excess ketogenesis from protein which 
aggravates the ketosis (cf. pp. 887 et seq,) 

In the fasting diabetic the tissue proteins are hydrolyzed rapidly to produce 
large amounts of amino-acids which are converted into glucose and ketones 
much of which is excreted in the urine. ' 

Effect of Diet in Diabetes.— Extra dietary carbohydrate increases 
the hyperglycsemia and the glycosuria 


LIP/EMIA 




(as occurs also when glucose is given) ; 
dietary protein is mainly converted 
into glucose and partly into ketones ; 
dietary fat increases the ketosis only. 

4. Diabetic Coma. — The onset 
of coma is foreshadowed by head- 
ache, nausea, vomiting, obstinate 
constipation, and abdominal pain. 

The breathing becomes deep and 
sighing (“ air hunger ”), and con- 
sciousness is gradually lost. If the 
alveolar COg falls below 2%, coma 
may supervene within 24 hours. 

The factors producing the coma are : 

(i) Accumulation of the poisonous 
acetoacetic acid, (ii) The acidsemia 
which may be present, (iii) Failure 
of the kidneys : albuminuria, casts, 
diminished excretion of urine, and 
high blood urea may be found. 

There may be complicated changes 
in water and ionic balance. 

(iv) Circulatory failure is present, 
and the blood pressure is very low ; 
this may be partly the result of a 
decrease in the plasma volume. 

Action of Insulin in Diabetes 
Mellitus. — The administration of 
insulin to the diabetic restores him 
to normal : 

(i) The inflow and outflow of 
glucose from the body fluids become 
normal. The rate of dissimilation of 
glucose, its conversion into glycogen, 
fatty acids, and fat, and the rate of 

neoglucogenesis by the liver become normal. The blood sugar falls to normal. 

(ii) Ketone formation in the hver and the excessive mobilization of fat 
cease ; as the ketosis disappears the reactions to acidsemia are dispensed with. 

(iii) The E.Q. returns to normal. 

(iv) The urine becomes normal (the glycosuria and ketonuria disappear) 
(Fig. 589). 

Administbation op Insulin, — Insulin can be administered clinically 
(usually by subcutaneous injection) in several different forms : 



Fig. 589. — ^Action of Insulin in Case of 
Severe Diabetic Patient. (Davies, 
Lambie, Lyons, Meakins and Robson. 
Brit. mid. J., 1923.) 

Ordinates from above downwards are : Plasma 
bicarbonate in vols/100 cc. Blood glucose in 
mg/lOO cc. Blood ketones in mg/100 cc. 

At arrow inject 30 units of in s u li n . 

Note : Rise of plasma bicarbonate from 30 to 45 
vols/100 cc. Fall of blood glucose from 400 to 
100 mg/100 cc. Fall of blood ketones from 
32to 8 mg/100 cc. Disappearance of lipsemia. 




926 


ADMINISTRATION OF INSULIN 


(1) Regular Insulin : an aqueous solution of crystalline or other puriliea 

insulin. It is rapidly absorbed from the subcutaneous tissues and lowers 
the blood glucose after a short latent period ; the effect passes off in a few 
hours (Fig. 590). A substantial proportion of the injected insulin is probably 
excreted. ^ 

(2) Zinc-Insulin : the addition of apjvropriate amounts of zinc (as a 
soluble salt, e.g. ZnClg) delays the absorption of insulin from the skin by a 
mechanism which is unknown ; its action is consequently prolonged. 

(3) Protamine-hisulin : a clear solution of a protamine (a basic protein 
extracted from nuclei and containing much arginine and lysine) is added to 
an insulin solution ; the protamine unites chemically with insulin (as it 
does with other proteins). The protamine m dissolved in a suitable buffer 
solution of such composition that the pH of the mixed insulin and protamine 
solutions is 7*2. At this reaction the protamine-insulin compound is insoluble 
and forms a flocculent precipitate. The suspension is injected ; insulin is 



Fxa. 590. — E fleet of Regular Insulin and of Protamino-Insulin on Blood Glucose. 

Note the much more prolonged ofl'oct of protamine-insulin., (Modified from Best and Korr.) 

slowly liberated, slowly absorbed, and produces a prolonged effect (cf. andro- 
gens, p. 1111). The advantages of this method are : (i) The duration of the 
antidiabetic effect is, as stated, longer (Fig. 590). The number of injections 
required is therefore reduced, (ii) The blood glucose curve during the 24 hours 
is more regular and does not show a high peak after a meal or a marked 
depression after an injection. There are consequently fewer unpleasant 
hypoglycsemic reactions, (iii) The ketosis is better controlled. 

(4) Zinc-Protamine-InsuUn. — If a zinc chloride solution is added to 
a protamine-insulin suspension the latter becomes stabilized and remains 
in a satisfactory state in vials without sedimenting out, for months. The 
presence of zinc also facilitates the formation of the protamine-insulin 
compound. 

(5) Regular Insulin together with a “ Retard Insulin {e,g, (2), (3) or (4)).-— 
This combines the advantages of the immediate response to the regular 
insulin solution with the prolonged action of the more slowly absorbed forms. 
The two preparations must be injected from sepa/rate syringes at separate sites. 

Abnormal Response to Insulin. — (1) Insulin Hypeksensitivity.— This 
condition is present when a severe prolonged hypoglyosemia (which may be 
fatal) results from a dose of insulin which produces a trivial blood glucose 
fall in the normal animal. It occurs experimentally after removal of the 
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glands which antagonize the action of insulin, i,e. after hypophysectomy 
(p. 938) or adrenalectomy. 

Insulin hypersensitivity is present in clinical cases of hypopituitarism 
{e.g, Simmonds’ disease) and of adrenal cortex deficiency (Addison’s disease). 

(2) Insulin Resistance. — Usually the subject under observation is a 
diabetic whose hyperglycsemia was previously kept in check by small doses 
of insulin ; with the development of insulin resistance, doses of, for example 
200 units or more may fail to lower the blood glucose. The possible causes 
are : 

(i) Poor absorption of insulin from the subcutaneous tissues (into which 
insulin is usually injected) ; such cases respond normally to insulin when it is 
administered intravenously. 

(ii) Excessively rapid destruction of insulin : there is no evidence that this 
occurs. 


(iii) Overactivity of the insulin antagonists, i.e. anterior pituitary, adrenal 
cortex, thyroid.^ 

(iv) Abnormal condition of the liver (due to ‘‘ fatty state,” action of toxins, 
or fever) so that it does not respond normally to its hormonal regulators, 
i,e, hepatic glucogenesis is not '' screwed off ” as effectively as usual by insulin.^ 

(v) In some cases there is evidence of the presence of an anti-insulin 
substance in the patient’s blood ; injection of the “ resistant ” patient’s serum 
plus insulin then produces a smaller fall of blood glucose in a test animal than 
an injection of normal serum plus insulin. 

Glj£0suri|!..3 — The term glycosuria refers to the presence of sugar in the 
urine in sufficient amounts to reduce alkaline solutions of copper salt.^ 

The normal arterial blood glucose level is 80-180 mg-%, according to 
circumstances. Glucose is filtered out from the plasma into Bowman’s 


capsule ; the glucose concentration in the tubular fluid, therefore, is initially 
identical with that in the plasma. The normal average glomerular filtrate 
volume is 120 c.c. per minute. The amount of glucose ffitered per minute 
must vary with : (i) plasma glucose concentration and (ii) the rate of 
glomerular filtration. The maximal amount of glucose that could be filtered 

per minute at the maximal normal blood glucose level is thus — 


i.e, 216 mg. 

Glucose is transferred actively by the tubular epithelium from the lumen 
of the tubule back into the blood (reabsorption). There is an upper limit 
to the absolute amount of glucose which can be reabsorbed by the tubules 
in unit time ; this is called the tubular absorption maximum for glucose or the 
Thiq ; its normal average value per minute is 300 mg. for women and 350 mg. 


^ The presence of the pancreatic “ hyperglycsemic factor ” (p. 918, footnote 1) may 
play a part in some cases. 

* Those investigators who are never at a loss for a phrase to “ explain ” a phenomenon 
by describing it in other, more impressive words, have termed this non-reaction of the 
liver “ hepatic refractoriness as regards the inhibitory response,” There would seein to be 
some neglect of “ Plain Words ” here, (See Sir Ernest Gowers’ Plain Words, Stationery 
Office.) 

® Corcoran, Cleveland Clin. Quarterly, 1948, Id, 186. 

* Chromatographic examination of the urine shows that traces of glucose are normally 
present but the concentration is too low to give a reducing reaction. 'The presence of 
these normal traces is ignored in the discussion below. 
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for men. The blood glucose levels at which 300 and 350 mg. of glucose 
would be filtered out per minute from normal glomeruli are about 250 and 
300 mg-% respectively. 

This calculation does not give the minimum (threshold) blood glucose 
level at which glycosuria occurs. The reason is that some of the renal tubules 
have a lower maximal absorptive power than the average. When the amount 
of glucose filtered out in the glomeruli exceeds the Tnia of these “ weaker ” 
tubules, detectable glycosuria occurs (although the other tubules have not 
yet exerted their full reabsorptive power).^ Clinically, detectable glycosuria 
is commonly present when the blood glucose exceeds 180 mg-%, but individual 
variations are considerable. When the blood glucose level is such that the 
Tma of all the renal tubules is exceeded gross glycosuria occurs (Pig. 591). 
Glycosuria may thus result from : 

(i) Increased filtration of glucose due to : (a) raised plasma glucose con- 
centration ; this is much the commonest cause ; (h) increased volume of 
glomerular filtrate ; this is very rare. 

(ii) Decreased Tm^ ; this may be due to a harmless individual variation, 
or result from the action of poisons or disease. 

(1) Relation oe HypERGLYCiEMiA to Glycosuiua.— A ssuming a glomer- 
ular filtrate volume of 120 c.c. per minute and a Tuiq of 300 mg. per minute, 
considerable glycosuria will occur when the blood glucose exceeds 250 mg-^yQ. 
If the Tmo is greater or less than the average, the blood glucose level at which 
glycosuria is produced is correspondingly higher or lower (but see comment 
above). 

Some patients with diabetes melUtus with a blood glucose level which is 
considerably raised do not have the expected glycosuria. Such a finding 
may be due : (i) occasionally to increased Tma ; it is suggested that pro- 
longed hyperglycsemia may stimulate the reabsorptive power of the tubular 
epithelium, e.g, to a maximum of 400-450 mg. per minute ; (ii) much more 
commonly to decreased glomerular filtration resulting from renal disease or 
circulatory failure. In the latter case the absence of glycosuria is of serious 
omen. 

(2) Relation op Variations in Tm© to Glycosuria. — (i) Renal glyco- 
suria, — This term is applied to a condition in which the Tnia is considerably 
depressed without any other abnormality of renal function. Should the 
Tma full to 120 mg. per minute, calculation shows that glycosuria would 
occur whenever the blood glucose level exceeds 100 mg-%. In renal glycosuria 
the glucose tolerance curve is flat (Pig. 586, curve E) owing to the leak of glucose 
into the urine. 

(ii) PMoridzin glycosuria, — Phloridzin in large doses paralyses the power 
of the tubules to reabsorb glucose ; i.e, the Tma inuy fall almost to zero. 
Glycosuria then occurs at all blood glucose levels, even during hypoglycsemia. 

(iii) Renal disease, — In any condition in which the tubular epithelium is 
damaged a decrease in Tma occurs. Glycosuria may be a minor manifestation 
in cases of renal disease in which the lesion is tubular rather than 
glomerular. 

(3) Alimentary Glycosuria. — If large quantities of polysaccharide 
(starch) or glucose are ingested, glycosuria does not occur except in people in 

^ The Table on p. 41 shows that before the Tma for the whole renal mass is reached 
small amounts of glucose may be passed in the urine. 
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whom the Tm^ is low ; such people may excrete small amounts of glucose 
in the urine. 

When large amounts of glucose are given by the mouth in man, the 
following results are obtained : 

(i) With amounts of 150-200 g. of glucose, no glucose is found in a 24:-hour 
specimen of urine. 

(ii) When 300-500 g. are ingested, the stomach empties itself very 
slowly. Water is attracted osmotically into the stomach, gastric movements 
are inhibited, and the organ remains distended for hours with a large volume 
of glucose solutions. The stomach gradually empties itself into the small 
intestine where the glucose is absorbed in the usual way into the blood without 
an excessive rise of blood glucose and without the Tm^ being exceeded. 

(iii) With amounts over 500 g. the limits of ingestion are reached as nausea 
develops and the glucose is vomited up. 

ARTERIAL 
PLASMA _ 

GLUCOSE 
mg. per 100 c.cm 

GLUCOSE 

FILTERED 
mg.per min. 

GLUCOSE 
REABSORBED 
mg. per min. 


URINE 
GLUCOSE 
mg.per min. 


Fig. 591. — ^Mode of Production of Different Forms of Glycosuria. (After Corcoran, 
Cleveland Clin. Quarterly, 1948, 15.) 

PHYSIOLOGY OF ANTERIOR PITUITARY. CONTROL OF 
GROWTH AND METABOLISM. CLINICAL SYNDROMES 

It is convenient to indicate here where the different aspects of the 
physiology of the pituitary are considered in this book. . , . 

1. PosTEMtOB Lobe. — (i) Structure and functions with special reference 
to antidiuretic hormone, p. 41. ^ 

(ii) Role of oxytocin in parturition, p. 1091. 

30 
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(iii) Relation to secretion of milk, p. 1094. 

2. Anterior Lobe. — (i) Structure, p. 42. 

(ii) The functions of the anterior pituitary are numerous. It controls 

growth, especially of the bones, muscles and viscera. It regulates the 
metabolism of carbohydrate, protein, and fat. It controls the growth 
development, structural integrity and activity of the adrenal cortex, thyroid 
testis, ovary and breast. Six hormones have been isolated from the anterior 
pituitary in a pure or almost pure state. They are : (a) growth hormone • 
(6) adrenocorticotrophic hormone (adrenocorticotrophin, ACTH) ; (c) thyro- 
trophic hormone (thyrotrophin, thyroid-stimulating hormone, TSH) ; 
(d) follicle-stimulating hormone (FSH) ; (e) luteinizing hormone (LH)* 

identical chemically with interstitial-cell-stimulating hormone (ICSH) ; 
(/) prolactin (lactogenic hormone, lactogen, luteotrophin). All these hormones 
are simple proteins except (d) and which are glycoproteins (containing 
a carbohydrate moiety). 

(iii) Extirpation of pituitary, infra. 

(iv) Control of the secretion of its hormones, p. 931. 

(v) Relation to growth, especially of the skeleton (growth hormone); 
gigantism ; acromegaly, p. 934. 

(vi) Relation to general metabolism (“ diabetogenic factor ’’), p. 936. 

(vii) Relation to adrenal cortex (adrenocorticotrophin), p. 946. 

(viii) Relation to thyroid (thyrotrophin), p. 980. 

(ix) Relation to testis (interstitial-cell-stimulating hormone and FSH), 
p. 1113. 

(x) Relation to ovary (gonadotrophins in the female, i.e. follicle-stimulating 
hormone, luteinizing hormone, prolactin), p. 1083. 

(xi) Relation to breast (prolactin and other hormones), p. 1094. 

(xii) Clinical syndromes, p. 940. 

Extirpation of the Pituitary. — The results of complete hypophy- 
sectomy are due in part to depressed activity of other cndocrines and in 
part to loss of the direct pituitary influence on many organs and tissues. 

(i) In young animals growth ceases {dwarfism) (p. 934). In adults no 
skeletal changes occur. 

(ii) The thyroid and adrenal cortex atrophy (pp. 980, 946). 

(iii) The gonads remain infantile if the operation is performed before 
puberty ; hypophysectomy in the adult causes atrophy of the gonads. Lack 
of testicular and ovarian secretion produces the expected effects on the 
accessory organs of reproduction and the secondary sexual characters 
(pp. 1068, 1107). 

(iv) There are profound changes in metabolism due to lack of growth 
hormone, thyroxine, adrenal corticoids, and possibly other less well-defined 
factors (p. 931). 

(v) Renal function is disturbed. Denervation or injury to the posterior 
pituitary produces diabetes insipidus (p. 49). Complete hypophysectomy 
depresses renal function generally. There is a marked decrease in glomerular 
filtration rate, renal plasma flow and maximal tubular excretion of diodrast ; 
the diuresis which follows water drinking is greatly delayed. 

SiMMONDs’ Disease (Panhypopituitabism). — T his is the classical clinical 
syndrome of grave anterior pituitary insufificiency in adults. It commody 
follows severe post-partum haemorrhage which somehow leads to extensive 
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pituitary necrosis. Atrophic changes are found in the gonads, thyroid and 
adrenal cortex. There is hypogonadism, e.g, decreased spermatogenesis, 
decreased secretion of testosterone and depression of the secondary sexual 
characters, impotence ; amenorrhoea and sterility ; loss of axillary and 
pubic hair ; atrophy and pallor of the skin. There is mild thyroid deficiency, 
e,g. the B.M.R. falls to — 20 (p. 980). There is mild adrenocortical deficiency 
but generally no significant changes in electrolyte and water balance (p. 946). 
The usual decrease in the eosinophil count in response to intravenous infusion 
of adrenaline may be absent (p. 951). The urinary output of neutral 
17-ketosteroids is decreased markedly {e,g, to 0-2 mg./24 hr. (p. 953). 
Following an injection of insulin, the blood glucose falls normally, but 
recovery occurs very slowly (“ hypoglycaemia unresponsiveness ’’). In some 
cases wasting {cachexia) has been noted, but this finding is by no means 
constant. 

Control of Anterior Pituitary Secretions.^— The activities of the 
anterior pituitary are doubtless appropriately controlled to safeguard the 
interests of the rest of the organism. The present position however is that 
we know more about the effects produced by the pituitary than about the 
factors influencing the pituitary itself. Nothing is Imown, for instance about 
the control of the secretion of the growth hormone. But there is evidence 
that the secretion of certain of the anterior pituitary hormones is regulated 
by nervous and humoral mechanisms. 

(1) Nervous Control. — ^Direct or reflex stimulation of the hypothalamus 
causes secretion of adrenocorticotrophin (p. 948), and of gonadotrophins 
(p. 1084) ; possibly secretion of thyrotrophin also occurs. Yet very few 
nerve fibres have been traced into the anterior pituitary and even these 
probably only supply the blood vessels. We have, therefore, the paradoxical 
situation of the nervous control of a gland which has no significant nerve 
supply. The explanation may be that the anterior pituitary has a double 
blood supply : (i) the usual systemic supply ; (ii) a special 'portal circulation 
from the hypothalamus. The arteries which supply the median eminence 
break up locally into capillaries which drain into veins ; these travel along 
the stalk of the pituitary to reach the anterior lobe where they break up 
into a second capillary net. The hypothalamo-hypophyseal veins are thus 
portal veins which could carry “ products of hypothalamic activity ’’ to the 
anterior lobe. It is suggested that the hypothalamus releases one or more 
chemical transmitters which are carried away in the blood of these portal 
veins to the anterior lobe, so regulating its activity. If these portal veins 
are destroyed the nervous control of the anterior lobe is abolished. The 
nervous control of the anterior lobe is thus due to unidentified humoral 
agents which travel a short distance in the blood ; these agents may be 
contrasted with the chemical transmitters of the impulse in efferent nerves 
which act locally and the hormones of the ductless glands -which are dis- 
tributed by the circulation all over the body. The transmitters acting on 
the anterior pituitary may possibly be both adrenergic and cholinergic. It 
is interesting to note that adrenahne stimulates the secretion of ACTH. 

(2) Humoral Control. — In several instances it can be shown that the 
activity of the anterior pituitary is regulated by the blood level of hormones 
secreted by glands which are under pituitary control; this mechanism is 

^ Harris, Brit . med . J ., 1961, ii, 627. 
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involved in the control of the secretion of thyrotrophin, gonadotrophins and 
ACTH. 

(i) Thyrotrophin stimulates the secretion of thyroxine by the thyroid; 
the level of blood thyroxine in turn regulates thyrotrophin secretion : an 
increase in blood thyroxine depresses the release of thyrotrophin, while a 
decrease of blood thyroxine stimulates the release of thyrotrophin. Both 
pituitary and thyroid form part of a mutually interacting circuit, the 
activity of both glands being adjusted to maintain the normal state of the 
body (p. 979). 

(ii) The level of blood oestrogen regulates the secretion of FSH (p. 1085). 



Fia. 592. — Effect of Growth Hormone on Growth of Adult 
Female Bats, (Li and Evans, Htcent Progress llormom 
Research, 1948, S, 5.) 

Injected animals reoedved UaUy 0-4 mi?, of growth hormone for 
23 days ; 0*6 rag. for next 08 days ; 1-0 mg. for ne.xt 33 days ; l-r> rag. 
for next 116 days ; 2*0 rag. for next 103 days. No injections on Sundays. 
Controls received no injection. 


(iii) The blood level of the adrenal corticoids may regulate the rate of 
secretion of ACTH (p. 948). 

(iv) Testosterone has little effect on the anterior pituitary ; the “ back- 
lash ” (or “ feed-back ’’ as the physicists like to call it) from the testis to the 
pituitary may be due to an unidentified factor (p. 1114). 

(v) Removal of the thyroid, adrenals, ovaries or testes produces histological 
changes in the anterior pituitary. 

Relation of Anterior Pituitary to Growth and General Metabolism.— 
Three of the six hormones which have been isolated in pure or almost pure 
form, are related to growth and metabolism. They arc : growth hormone 
(somatotrophin) ; adrenocorticotrophin (ACTH) ; thyrotrophin (thyroid- 
stimulating hormone, TSH). 

(i) Growth hormone : its actions are fully described below. 

(ii) Adrenocortieotrophin : this hormone acts by regulating the growth, 



PITUITARY AND METABOLISM 


983 


integrity and secretory activity of the adrenal cortex (p. 946). It is discussed 
below in so far as it is concerned with hypophyseal diabetes and diabetes 
mellitus. 

(iii) Thyrotrophin : this hormone acts by regulating the growth, integrity 
and secretory activity of the thyroid (p. 980). 



Fiq, 593.— Hyperpituitarism with Giant Overgrowth. On the^ right is a 
normal subject for comparison (height 5 ft. 8 in.). On left is a case of 
hyperpituitarism with giant overgrowth. Note the narrow chest, large 
joints, hy^potriohosis (defective growth of hair on body) and the large 
size of the hands. Harvey Cushing’s case. (Vincent iTOemal Secretion 
and Ductless Cflands, Arnold.) 


(iv) Injection of certain anterior pituitary extracts produces a metabolic 
disturbance resembling diabetes mellitus (so-called Tiyfojphyseal diabetes.) 
The active agents are referred to collectively as the diabetogenic factor. A 
similar disturbance can be produced in some species by pure grovrth hormone 
and in others by ACTH. Possibly other substances which have not yet been 
identified with certainty may play a part also [e.g. glycoiaropic factor). 
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Relation of Anterior Pituitary to Growth. Growth Hormone.i- 
This hormone has been prepared in the pure form ; it is a simple protein 
(mol. wt. 45,000). It is an indispensable component of the complex 
chemical systems present in the tissues which determine normal growth and 
differentiation. 

1. Experimental Evidence.— (i) After hypophysectomy in young 
animals growth ceases ; injection of growth hormone restores the rate of 
growth to normal. 

(ii) If the hormone is injected into intact immature rats the rate of 
growth is accelerated for periods as long as 450 days. 

A B 



Fig, 694. — Facial changes in Acromegaly. 

A. Woman (ago 29) before the onset of the disease. B. Same woman (aged 30), with fully developed 
disease. (After H. iCoiidok, Krankheiten Uer Endohrimn VrUsen.) 

(iii) If injected into adult rats, overweight animals are produced (Fig. 592). 
The skeleton is larger and heavier, and the principal viscera are enlarged. The 
degree of growth obtained is related to sex : it is least marked in normal 
males, greater in normal females, and further increased in both sexes by 
removal of the gonads. 

(iv) In young normal dogs receiving these extracts, changes in the skeleton 
resembling those found in human acromegaly (infra) have sometimes been 
produced. 

2. Clinical Evidence. — Tumours of the anterior lobe may be associated 
with over-secretion — hyperpituitarism, or with under-secretion — hypopituit- 
arism. When the latter condition develops in young people, stunted skeletal 
development (dwarfism) is a common feature. With hyperpituitarism, 
excessive skeletal growth occurs, the exact character of which depends on the 
time of onset of the disease. 

(1) Gioantism. — This occurs when hy^perpituitarism develops before the 
union of the epiphyses of the long bones. The bones continue to grow in a 
1 Ii and Evans, Recent Progrest Hormone Research, 1948, 3, 1. 
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regular manner and become excessively long. Most giants who are seven or 
eight feet in height are examples of this disorder (Fig. 593). 

(2) Acromegaly. — When hyperpituitarism sets in after the union of the 
epiphyses, acromegaly (literally, enlargement of the peripheral regions) 
results (Fig, 594). The bony changes produced in this disorder are as follows : 
There is overgrowth of certain parts of the skeleton, namely, the lower jaw, 
the upper jaw, and the malar bones (t.e. the lower half of the face) ; there is, 
consequently, separation of the teeth. The hands and feet are enlarged. 
There is bo\^g of the spine (kyphosis) ; the antero-posterior diameter of 
the chest is increased. The bent back, the big hands reaching down to the 
knees, the protruding lower jaw, remind one of the apt descriptive phrase — 
“ a reversion to the gorilla type.’’ 

3. Mode of Action of Growth Hormone. — The mode of action of 
growth hormone can now be considered in greater detail. 

(1) The increase in body growth produced by the hormone is due to a 
direct action on the tissues and is independent of any increased secretion by 
other endocrine glands {e,g. adrenal, thyroid, gonads). 

(2) The muscles and viscera grow as rapidly as the skeleton and the body 
as a whole. 

(3) Action on Bones. — After hypophysectomy a “calcium barrier” or 
“ closing membrane ” appears which cuts off normal activity at the epiphyseal 
line with the result that growth ceases. On injecting growth hormone the 
membrane disappears ; the cartilage cells at the epiphyseal line begin to 
proliferate and differentiate once more into bone and bone growth is resumed. 

Membrane bones (e,g, those of the cranium) are unaffected by hypo- 
physectomy ; bony tissue anywhere that has already been laid down likewise 
undergoes no change. 

Injection of growth hormone (extracted from glands of cattle) into human 
pituitary dwarfs has so far proved completely ineffective (possibly because of 
species differences). 

(4) General Metabolic Changes. — Growth involves the retention of all 
the materials necessary for the formation of fresh tissue, e,g, amino-acids 
for protein deposition, minerals, and water. As might be expected growth 
hormone affects many aspects of metabolism. 

(i) Growth hormone decreases nitrogenous excretion in the urine 
(Fig. 595) ; the retained N is built up into tissue protein. 

(ii) The blood amino-acid level falls, indicating that the amino-acids are 
being withdrawn from the blood more rapidly than they enter it. 

(in) Serum alkaline phosphatase is increased : this enzyme may be 
related to protein synthesis as well as to ossification (p. 1002). ^ 

(iv) Reserve fat is decreased, though structural fat (the lipides which are 
an integral part of the cell architecture) is increased in amount. 

(v) Growth hormone causes increased retention of calcium and phosphate. 
The level of serum inorganic phosphate is increased (as it is in growing 
children and in acromegaly). 

(vi) The thymus like the rest of the body is stimulated to increased 
gro’^h (the thymus is often enlarged in acromegaly). 

(vii) The yield of milk in lactating animals is increased (p. 1094). 

(5) Diabetogenic Action or Growth Hormone. — In certain circum- 
stances, growth hormone injected into normal animals produces a condition 
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resembling diabetes mellitus ; there is a rise of blood glucose and develop- 
ment of glycosuria ; reserve fat is decreased ; there is ketonfomia and ketonuria. 
According to Young, growth hormone is diabetogenic in the adult dog and 
cat but not in the puppy or kitten or in the pregnant or lactating adult dog 
or cat. It is not consistently diabetogenic in adults of other species studied. 
The diabetic effect is more readily produced after partial pancreatectomy 
(owing to deficiency of the antagonistic hormone, insulin) (cf. p. 938). 





DAYS 

Fio, 595. — ^Effect of Growth Hormone on Body Weight and Nitrogenous 
Excretion in the Urine of Adult 1^‘emale Eats. (Li and Evans, 
Becent Progress Hormone Besearch^ 1948, 14.) 

During the injection period the nitrogonous excretion in tlio urine was decreased 
(from about 340 mg. to about 220 mg. daily), and body weight Inoroasod (from 275 
to 290 g.). 


It is not at all easy (for the uninitiated) to understand how a hormone 
which promotes growth should also be able to produce diabetes, a condition 
which involves wasteful transformation of protein into glucose. The question 
is discussed again below. 

Relation of Anterior Pituitary to Metabolism and especially to 
Diabetic Syndrome.^^ — This subject is complicated and confused. As 
already explained crude anterior pituitary extracts are diabetogenic. It 
1 Bennett and Evans, in The Hormones, N.Y., 1950, 2, 406. 
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will be convenient for purposes of discussion to group all tbe diabetogenic 
substances in anterior pituitary extracts together and refer to them as 
though they constituted a physiological entity, the diabetogenic factor, 

(1) Action of Diabetogenic Factoe.’’-— (i) In the liver it produces 
the opposite effects to those of insulin. Thus : (a) it increases the conversion 
of glucogens (glycogen and amino-acids) into glucose ; (&) it increases the 
conversion of fatty acids into ketone boies. 

(ii) (a) In the tissues it inhibits the conversion of glucose into 
hexose-6-phosphate, thus preventing its introduction into the ‘‘ metabolic 
machinery of the cell (p. 914). This inhibitory action of anterior pituitary 
extracts is antagonized by insulin. (6) It stimulates the conversion of tissue 
protein into amino-acids, (c) It mobilizes depot fat. 

(iii) It may direqtly neutralize insulin. 

(iv) It may damage the islets (metahypophyseal diabetes, p. 918). 

In some species many of these actions can be reproduced by growth 
hormone, in others by ACTH which acts by releasing adrenal corticoids. 

(2) Effects of Hypophyseotomy in Noemal Animals. — The main 
disturbances are due to loss of the diabetogenic factor (as defined above) 
which is supposed to be normally secreted steadily into the blood. Normally 
the action of the anterior pituitary factor and of insulin on the liver and 
tissues are nicely balanced, as shown below : 

Ant. Pituitary 

Glucogens in Liver ^ ^ Glucose in Blood 

Insulin 


Insulin stimulates 

Glucose in Tissues ■.■■■■.. « i,., ) Hexose Phosphate 

Anterior Pit. inhibits 

In the absence of the pituitary factor, glucogenesis by the liver is depressed 
by the unopposed action of insulin and even if the diet is adequate, the blood 
glucose level falls by 20-30 nig-% below that in normal controls. 

The effects of hypophysectomy on glucose uptake by the tissues have not 
been satisfactorily determined ; it is probably increased, thus aggravating 
the tendency to hypoglycssmia. 

In hypophysectomized animals, a period oi fasting (which does not depress 
the blood glucose in intact animals) soon produces hypoglyccemia which 
develops rapidly and may be fatal. Protein given by mouth raises the low 
blood glucose level ; i,e, the amino-acids derived from the food protein can 
be converted into blood glucose ; food fat, however, is ineffective (Fig. 596). 
These results suggest that after hypophysectomy neither food fat nor depot 
fat can ‘‘ spare ’’ body glucose ; food jprotein^ hut not tissue 'protein^ can he 
converted into glucose. Now, during starvation in the intact animal, tissue 
protein is broken down on a large scale to give rise to amino-acids. As already 
mentioned the hypophysectomized animal can convert amino-acids, absorbed 
from the bowel, into glucose but it cannot maintain its blood glucose level 
when fasting. It seems, therefore, that after hypophysectomy tissue protein 
is not converted at the normal rate into amino-acids. 

30 * 
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(3) Effects of HYPoriiYSECTOMY in Panoreateotomizeb Animals.— 
Kemoval of the pituitary in pancreatectoniizod animals produces striking 
results, as was first demonstrated by Houssay. There is a marked improve- 
ment in the clinical state, and hyper^jflycaiinia and glycosuria may practically 
disappear ; ketosis is generally absent. Such a Houssay animal, as it is usually 
called, may live for months without special treatment, but its existence is 
always somewhat precarious. It l)ecomes increasingly undernourished and 
finally dies, the longest recorded survival period being 9 months. The blood 
sugar in Houssay animals shows wide Huctuations. Fasting produces the 
same hypoglycmmic efiect as in the hypophysectomized animal. After a meal 
the blood glucose rises to 200 or 300 mg-% and glycosuria may consequently 
develop. The degree of glycosuria depends on the species and the kind of 
food eaten ; a carbohydrate- or protein-rich meal raises the blood glucose 
(Fig. 597) ; a higli fat diet has no such effect. 



Fig. 696. — Action of High Fat Diet, High Protoin Diet and Fasting on 
the Blood Glucose Level in the Hypophyscctomizcd Dog. (After 
Soskin et al., Amer, J. Fhyaioh, 1935, 11.4^ 110.) 

High fat (Hot : 11 g. of olive oil per kg. 

High protoln diot : 11 g. of protoin (as loan meat) per kg. 

On the high protein diot the blood glucose is maintained at a level of 40-50 mg/100 cc. 

On a high fat diet and during fasting much more scvi^ro iiy[)()glyciemla develops. 

The Houssay animal is very sensitive to : (i) the action of anterior 
pituitary extracts, which raise the blood glucose and produce glycosuria and 
ketosis ; (ii) the action of insulin, which produces a striking hypoglycaemia 
which can be fatal. 

The observations described above demonstrate that the diabetogenic factor 
is concerned with the normal regulation of metabolism. How its rate of 
secretion is adjusted in accordance with body needs is uncertain. 

When the islets are removed the resulting diabetic syndrome is partly 
due to the unopposed action of the pituitary ; if both the islets and the 
pituitary are removed, the two main regulators of carbohydrate, protein, 
and fat metabolism are absent, but on a suitably adjusted diet the animal 
remains fairly normal ; but because it lacks the usual regulatory and com- 
pensatory devices, its condition is precarious and its blood glucose and general 
condition fluctuate widely with changes in the diet (Fig. 597). 

(4) Effect of Adrenalectomy in Pancrbateotomizbd Animals.— 
In some species adrenalectomy has the same ejffeot as hypophysectomy in 
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ameliorating the diabetic symptoms. The adrenal corticoids thus have 
actions which are antagonistic to those of insuhn (p. 94:5). As might be 
expected, ^ injection of corticoids (e.g. cortisone) aggravates the symptoms of 
clinical diabetes mellitus. 

(5) Glycotropic Factor (Young). — This substance (which has been 
extracted from the anterior pituitary) has no direct action on the blood glucose 



TIME 3 99 399 39 9 399399 399 

PM. AM, P.M. A.M. P.M. A.M. P.M. AJ^. PM. AM. P.M. A.M. 
day 12 3 4 7 8 

Fig. 597. — ^Influence of Size of Protein Intake and of Fasting on Blood Glucose 
Level of Dogs in which both the Pituitary and Pancreas had been removed. 
(After Soskin et al., Amer. J, Physiol., 1935, 114, 110.) 

The dog fasted on days 2, 4, and 8. It was fed on days 1, 3, and 7. On days 1 and 3 
the protein intake was high (400 g. and 378 g.). On day 7 the protein intake was low 
(90 g.). 

Note fall of blood sugar : (i) at night ; (ii) by day when fasting ; (iii) on a low protein diet. 


level, but decreases the blood glucose lowering action of insulin (Fig. 598). Its 
absence is alleged to account in part for the enhanced insulin sensitivity of 
the hypophysectomized animal ; the presence in excess of such a substance 
may account for some clinical cases of insulin resistance (p. 927). 

(6) Relation oe the Pituitary to Clinical Diabetes Mellitus. — 
From the above discussion it is clear that in considering clinical diabetes 
mellitus the anterior pituitary must be constantly kept to the fore as an 
important factor. It may damage the islets (p. 918) ; it may diminish tcsjxynr 
siveness to insulin secreted in normal amounts by perfectly healthy islet 
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tissue (glycotropic factor) (p. 939) ; or it may actively disturb carbohydrate 
jnotein, and fat metabolism in tlie presence of the normal pancreas (p. 937). IiJ 
the pancreatectomized animal, or in a patient with primary islet deficiency, 
many of the symptoms are due to the unopposed action of the diabetogenic 
factor. The frequent clinical association of pituitary disease {e,g. acromegaly, 
Cushing’s disease) with diabetes mellitus thus acquires an added significance! 

Clinical Pituitary Syndromes.— Either increased pituitary secretion 
(%pcrpituitarism) or diminished activity (%popituitarism) may occur.^ A 
state of hypersecretion may later degenerate into a state of under-activity. 
Again, different functions of the gland may be affected simultaneously but in 

different directions. To such complex 
derangements of function the term 
ejyapituitarism is applied. 

(1) SiMMONBs’ Disease. — See 
p. 930. 

(2) Milder Syndromes of Hypo- 
pituitarism.— The following changes 
are commonly found. 

(i) Stunted skeletal development 
(infra). 

(ii) Depression of sexual function, 
(hi) Changes in skin and hair : in 

the male the heard and axillary hair 
are scanty, the pubic hair is of 
feminine distribution, the trunk and 
limbs are hairless. In children the 
skin is smooth and delicate ; in the 
adult it is dry, wrinkled, and atrophic ; 
the secretion of sweat is diminished. 

(iv) Adiposity is fairly common, 
and there is a tendency for sudden 
fluctuations in weight to occur. In 
children the fat has a feminine distri- 
bution, but in adults the subcutaneous fat is grossly excessive in most 
regions. 

(v) Mental backwardness. 

(vi) Lowered basal metabolic rate. 

(vii) Polyuria, which may be intense (due to lack of antidiuretic hormone, 
p. 49). 

All or only certain of these features may be present in any individual 
case of this disorder. 

When hypopituitarism develops in childhood it may assume the following 
forms : 

(i) FrohlicKs syndrome (dystrophia adiposo-genitalis) : several pituitary 
functions are disturbed ; the children become stunted and stupid or quite 
idiotic. The genitals are hypoplastic, and there are diffuse deposits of 
fat. 

(ii) Lorain type : mentally, these patients are normal ; general metabolism 
is unaffected. But skeletal growth ceases and the secondary sexual characters 

^ Sheehan et al., Quart. J. med., 1949, 1$, 319 ; Brit, med. J., 1950, i, 929. 
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Fig. 598. — Influence of Glycotropic 
Factor of Anterior Pituitary on 
Action of Insulin on Blood Glucose. 
(Young, 1938.) 

A represents noniml animal; B, animal 
(rabbit) previously treated with anterior 
pituitary glycotropic factor. At tlie arrow 
inject test dose of Insulin. Note that the 
factor abolislios the hypoglycimnic re.sponao 
to insulin. 
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do not appear. Even wlien ttiey are of adult age they resemble attractive 
and graceful cbildren.^ 

(3) Diabetes Insipidus. — S ee p. 49. 

(4) Hypebpituitaeism. — In both, gigantism and acromegaly an eosinophil 
adenoma of the anterior lobe of the pituitary is present (p. 44). The 
skeletal changes in these conditions were described on p. 934 and are due 
to over-secretion of the growth hormone. The other important features 
of acromegaly are as follows : (i) Glycosuria of extreme variability (some of 
these cases may die in diabetic coma) ; it is relieved by insulin, (ii) There 
is considerable connective tissue hyperplasia — the subcutaneous tissues of 
hands, feet, nose, scalp, and lips are markedly thickened ; the skin is stiff 
and inelastic. Deep corrugations are present in the palms of the hands and 
on the scalp, (iii) Sweating is very profuse. 

When the disease progresses, as it usually does, to hypo-activity of the 
gland, the chnical picture is altered. The skeletal changes are, of course, 
fixed and cannot be affected. Sexual activity diminishes — ^the males become 
impotent and, in the female, the menstrual flow ceases. There is excessive 
deposition of fat in the subcutaneous tissues. Gradually increasing weakness 
develops, and finally death results. 

The tumour may press on adjacent structures, e.g. on the decussating 
fibres in the optic chiasma, causing loss of the temporal field of vision in each 
eye (Fig. 366, p. 580), or on one optic nerve, causing unilateral blindness. 

(5) Cushing’s Syndeome. — S ee p. 965. 

REGULATION OF GROWTH 

Regulation of Growth.^ — A distinction must first be drawn between 
growth and differentiation. Growth consists in an increase in the number 
and size of the cells of an organ or tissue ; by differentiation is meant the 
transformation of a homogeneous group of cells into two or more groups 
of cells differing with respect to histological or physiological properties. The 
increase in the size of the fertilized ovum as a result of the initial stages of 
cell multiplication is a process of simple growth ; the subsequent formation 
of the specialized layers of ectoderm, mesoderm, and endoderm is a process 
of differentiation. The processes of differentiation which lead to the appear- 
ance of the many specialized organs and tissues of the foetus form one of 

^ Another classical syndrome hitherto, attributed to juvenile hypopituitarism is the 
Brissaud type, exemplified by the “ fat boy ” (Joe) in Dickens’ Pickwick Papers. It is 
more probable however that this condition results from a lesion of the hypothalamus. 
The outstanding symptoms in Joe’s case were gluttony, gross obesity (“ the leaden eyes 
which twinkled behind his mountainous cheeks leered horribly upon the food as he 
unpacked it from the basket”) and frequent attacks of somnolence; the obesity was 
presumably secondary to the greed. “ On the box sat a fat and red-faced boy in a state 
of somnolency. . . . Joe ! — damn that boy, he’s gone to sleep again. — Joe, let down the 
steps, . . . Mr. Winkle mounted to the box, the fat boy waddled to the same perch and 
fell fast asleep instantly.” During the military exercise at Rochester “ everybody was 
excited except the fat boy and he slept as soundly as if the roaring of cannon were his 
ordinary lullaby.” “ He’s always asleep. Goes on errands fast asleep and snores as he 
waits at table.” A aiTnilftr condition has been produced by appropriate experimental 
hypothalamic lesions. 

2 White House Reports, Orowih and Devdopment of Child, Pts. I.-IV., New York, 
1932 . 
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the subject matters of embryology and will not be considered here. During 
the first three months of human intra-uterine life little actual growth takes 

place ; this process is greatly 
accelerated during the later months 
of pregnancy. After birth the 
general growth curve shows four 
distinct phases (Fig. 599) : (i) a 
rapid increase during infancy and 
especially in the first year (from 
8 to 20 lb. in weight) ; (ii) a slow 
progressive growth from the age of 
3 to 12 ; (iii) marked acceleration 
round about puberty, from the age 
of 12 to 15 ; (iv) a slow terminal 
increment. The growth curve shows 
distinct sex differences. Until just 
before puberty the boys are heavier ; 
the earlier incidence of puberty in 
girls causes them to lead temporarily, 
but after the age of 15-16 the boys gain once more and maintain their 
advantage throughout adult life. These sex differences apply not only to 
growth as a whole, but also to that of the individual organs. 

The general growth curve applies to the skeleton as a whole, the muscles, 
and the viscera in the thorax and 
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Fia. 599. — General Growth Curve in Males and 
Females. ( White House Reports^ 1932.) 


abdomen (Fig. 600, curve C). Certain 
parts of the body have distinctive 
growth curves. Three main specialized 
types are recognized : 

(i) Neural type. — There is a rapid 
initial increase in size, so that the 
organs reach almost their final maxi- 
mum in the first few years. This 
applies to the brain as a whole and 
its various parts, the spinal cord, the 
eye and other parts of the visual 
mechanism, parts of the auditory 
mechanism, and, naturally, to the 
size of the head (but not of the face) 

(Fig. 600, curve B). 

(ii) Lymphoid type. — The lymphoid 
tissues including the thymus (and, be 
it noted, the tonsils and adenoids) 
normally reach their peak at puberty, 
after which they decline to the adult 
level (Fig. 600, curve A). 

(iii) Reproductive type. — The 
gonads and the accessory organs of 
reproduction remain quiescent till 
puberty, when growth sets in and continues rapidly throughout adolescence 
(Fig. 600, curve D). 
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Fig. 600 . — Growth Curves of different 
Types of Organs. {White House 
Reports^ 1932.) 


A. lymphoid typo. 

B. Neural type. 


C. General type, 
n. Eeproductlve type. 
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Factors Controlling- Growth. — The degree and rate of growth is 
influenced by many factors : 

(1) The inherent properties of the fertilized ovum itself, which depend 
on the characters present in the chromosomes of the sperm and ovum. 
Growth thus varies in different races and in different members of a race. 
The internal and external environment of the body can at best bring out 
the growth potentiahties to the full, but can normally do no more ; on the 
other hand, imperfections in the environment may lead to a failure to realize 
the maximum inherent growth possibilities. 

(2) Ill-health from any cause temporarily depresses general growth, but 
during recovery the lost ground is made good again, more or less completely. 

The factors influencing growth about which most is known are the 
dietetic and endocrine, 

(3) Role of Diet, — On pp. 1051 et seq, is set out our present state of 
knowledge of the composition (quahtative and quantitative) of a satisfactory 
diet. If the diet is deficient in any way, growth will be impaired. It is highly 
likely that present so-called “ normal ” standards for height and weight do 
not represent the maximum potentialities, but are average findings in people 
who have not had a perfect diet. In many instances supplementary rations 
of milk and other Idgh quality foodstu& have produced higher growth 
standards in seemingly normal children 

(4) Role of Endocrines, — The growth hormone of the anterior pituitary 
(p. 934) regulates the growth of the skeleton, muscles, and viscera. The tl^ee 
gonadotrophic hormones (p. 1083) regulate the growth (and differentiation) 
of the gonads; the sex hormones (pp. 1075, 1104) in their turn control the 
growth (and development) of the accessory organs of reproduction. The 
thyroid (p. 986) regulates general growth, presumably by its action on tissue 
metabolism ; pituitary thyrotrophin acts indirectly via the thyroid. The 
parathyroid glands (p. 1008) are related to the integrity of the skeleton 
rather than to its growth ; in certain tumours of the adrenal cortex, gro^h 
may be modified (p. 967). The special growth changes that occur during 
pregnancy in the uterus, vagina, breasts, and elsewhere, are controlled by 
hormones (for references see p. 1087). 

THE ADRENAL CORTEX ^ 

The adrenal gland is made up of two distinct organs, the adrenal cortex 
and the adrenal medulla, which differ in their histological structure, com- 
parative anatomy, development, and functions. 

Structure of Adrenal Gland.— (1) Adrenal Medulla.— The medulla 
consists of irregularly arranged cells, some polyhedral and others indefinite 
in shape, which contain granules of the internal secretion, probably adrenaline 
and nor-adrenahne. Oxidizing agents like dichromates (or iodates) convert 
the granules into a brown oxidation product which gives a characteristic 
colour to the cells ; for this reason the medullary cells are sometimes refeCTed 
to as chromaphil tissue. The medulla has a rich sympathetic innervation. 
Its physiology is dealt with fully on pp. 723 et seq. . ^ ^ 

(2) Adrenal Cortex. — The cortex of the gland consists of columns of 

1 Noble, in TU Hormones, N.Y., 1960, 2, 65. Symposium, Ann, N,7, Acad, Sci„ 
1940, 50, 609-678. 
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polyhedral cells with well-marked nuclei. The cells are arranged in three 
zones : (i) outer zona glomerulosa where the cells lie with their long axis 
parallel to the surface ; (ii) middle zona fasciculata which consists of columns 
which lie vertical to the surface ; (iii) inner zona reticularis where the cells are 
arranged irregularly, leaving wide blood spaces. The cortex has no nerve 
supply. 

The cells of the cortex have a high lipide content ; the chief constituent 
is cholesterol, mainly in the ester form, which is the ])recursor of the adrenal 
cortex hormones (corticoids). The lipide granules are readily stained with 
Sudan III {sudanophil granules). Sections stained in this way, obtained from 



Fio. 601. — Histological Appearance of Adrenal Gorto.x Stained with Sudan III 
under Different Conditions. (Sayers and Sayers, Recent Rrogress Ilonnone 
Research, 1948, 81.) 

Adrenal Cortex, 2l-diiy-ol(i male rata. Blank and white re]>roduc.tion of seetioiiK utaluod with 
Sudan IIT. Dark Htoinint? material is sudanophil substance, mainly (i)0%) c.liolestcrol esters. 

1. Control. Note deep staining of zona glomerulosa wltli narrow clear hand deet» to it. Zona 

fasciculata is deeply stained ; zona reticularis is unstaimul. 

2 . 'J’liroe hours after injection of 2 mg. of ACIUT. Almost complete <liHapi>(»anuice of sudanophil 

granules. 

y. Twenty-four liours after a scries of injeefcious of AC'rH over a period of tliret^ days, 'flic cortex is 
hypertrophied and packed almost uniformly with sudanopldl gratiules. 


an animal under good environmental conditions, show a narrow clear area 
deep to the zona glomerulosa ; the zona reticularis is also poorly stained 
(Fig. 601). The cortex is also rich in ascorbic acid which is possibly con- 
cerned with the synthesis of the corticoids. The size of the cortex, its 
histological appearance and chemical composition vary widely with different 
environmental conditions. 

The physiology of the adrenal cortex is dealt with fully below. 

CoMPAKATivEi Anatomy. — In elasmobranch fishes no adrenal gland is 
present. Lying between the two kidneys is an elongated body, the inter-renal 
body which structurally closely resembles the mammalian adrenal cortex. 
Adjacent to the ganglia of the lateral sympathetic chain are masses of cells 
giving the chromaphil reaction, which together represent the adrenal medulla. 
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Embryology. — Tlie adrenal cortex is mesoblastic in origin and develops 
from a thickening of the coelomic epithelium on either side of the root of the 
mesentery. The adrenal medulla is developed from a mass of cells which 
first lie close to the root ganglia, and later migrate out to differentiate into 
the sympathetic nervous system and the chromaphil tissue.^ 

Effects of Adrenalectomy.— The adrenal cortex is essential to life. 
If both adrenal glands are completely removed death results in most species 
in 4 or 5 days unless accessory cortical tissue is present. If the medulla 
alone is destroyed or if a small fragment of cortical tissue is left in the 
body no serious effects are observed. Complicated disturbances follow on 
adrenalectomy. 

(i) The animal loses weight rapidly and becomes weak and uncertain on 
its legs. 

(ii) There are rnarked changes in fiuid and ionic balance, which are in 
the main secondary to disturbed renal function. 

(iii) The metabolism of carbohydrate, protein, and fat is deranged. 

(iv) Death finally occurs chiefly from circulatory and renal failure. 

Injection of adrenal cortex extracts into an adrenalectomized animal 

produces marked benefit or full recovery. The active agents are termed 
corticoids. All those that have been isolated in a chemically pure state are 
steroids. In addition a highly active amorphous material of unknown 
chemical composition {amorphous fraction) has been extracted from the 
gland. No one knows for certain which of the adrenal steroids is the actual 
internal secretion of the gland. Opinions differ as to whether the cortex 
secretes one, two, three or even more separate hormones. There is also a 
common tendency (which must be avoided) to regard the adrenal steroid 
which happens to be available in largest amount for experimental or clinical 
study as the natural hormone of the gland. 

The chemistry and actions of the adrenal steroids are discussed on 
p. 957. 

Functions of Adrenal Cortex. — The chief known functions are 
summarized below : 

(1) (i) It acts on the renal tubular epithelium stimulating the reabsorption 
of Na+ (and less regularly of CT) into the blood thus conserving the Na+ 
(and CT) content of the extracellular fluids. It depresses the reabsorption 
of K"*", Disorders of ionic and fluid balance occur in states of decreased or 
increased cortical activity. 

(ii) It acts s imil arly on the sweat glands and possibly on other glands 
(e.g. the salivary) decreasing the Na+ (and more irregularly the CT) content 
of the secretion. 

(2) The adrenal cortex regulates general metabolism, i.e. that of carbo- 
hydrate, protein, and fat. 

(i) Adrenal cortex extracts are diabetogenic.^ Like the anterior pituitary 

^ Aoobssoby Adbenal Tisstjb. — ^Accessory adrenal tissue is found in various regions 
in mammals. Common situations for accessory cortical tissue are the retroperitoneum, 
the surface of the kidney and liver, the space between the testis and the epididymis in 
the male, and the vicinity of the broad ligament in the female. Accessory chromaphU 
tissue may be found in the sympathetic ganglia and in front of the abdominal aorta. 

* As explained on p. 936, in some species the diabetogenic action is mainly due to 
growth hormone, in others it is mainly due to ACTH stimidating the secretion of adrenal 
corticoids. 
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diabetogenic factor they stimulate neoglucogcnesis in the liver from amino- 
acids ; they also inhibit the uptake of glucose by the tissues by preventing 
its conversion into hexose phosphate (p. 913). 

(ii) Adrenal cortex extracts promote the breakdown of tissue protein to 
amino-acids. 

(iii) They mobilize fat from the depots and increase its breakdown in the 
liver into ketone bodies. 

(iv) Unlike anterior pituitary extracts they increase the deposition of 
glycogen in the liver. 

(v) In the main the effects on metabolism of adrenalectomy resemble 
those of hypophysectomy. Over-secretion of the adrenal cortex produces a 
condition resembling mild diabetes mellitus. 

(3) The adrenal cortex through its hormone enables the body to cope 
more effectively with adverse environmental conditions designated collectively 
states of stress. The exact way in which this beneficial influence is produced 
is not known (p. 947). 

(4) The adrenal cortex controls the activity of the lymphoid tissues 
and the blood eosinophil level (p. 951). 

Control of Activity of Adrenal Cortex. — The main regulator of the 
activity of the adrenal cortex is the anterior pituitary through its hormone 
adrenocorticotrophin {ACTH, corticotrophin). It controls the growth of the 
cortex, maintains the structural and functional integrity of its cells and 
stimulates its secretory activity. The methods of study include : 

(i) Determination of the size of the adrenal cortex. 

(ii) Histological examination for changes in the size of the individual 
cells and the distribution and amount of sudanophil granules (which are 
directly related to the cholesterol ester content). 

(iii) Chemical determination of the concentration in the cortex of 
cholesterol esters (the precursors of the corticoids) and ascorbic acid (which 
may be involved in corticoid synthesis). 

(iv) Changes in the organs, tissues and body fluids which are attributable 
to the action of secreted adrenal corticoids. Useful clinical indices are : the 
blood eosinophil count (p. 951) ; the Na+ content of sweat (p. 952) ; the 
amount of neutral 17-ketosteroids and corticoids (so-called 11-oxysteroids) 
excreted in the urine (p. 952). 

Action and Role of Adrenocorticotrophic Hormone (ACTH),— 
The action of ACTH in man is mainly discussed elsewhere (pp. 951, 964). 
Its role in regulating adrenal cortex activity is considered below. 

(1) Er'FEOTS OF HyrorHYSECTOMY. — This is followed by atrophy of the 
adrenal cortex. As the conversion of the precursors into active hormone 
and its secretion into the blood is greatly depressed, the cells remain well 
filled with cholesterol esters and ascorbic acid. The secretory activity of 
the cortex does not wholly cease but continues at a low level, which is 
adequate for optimal environmental conditions, but not for conditions of 
stress. The animal does not die of adrenal insufficiency. Similarly, patients 
with Simmonds' disease (in which the anterior pituitary is severely damaged) 
do not show signs of Addison's disease. 

(2) Injection of ACTH. — This profoundly affects the adrenal cortex. 
A single injection causes rapid secretion of corticoids with exhaustion of the 
store of precursors : the sudanophil granules disappear and the concentration 
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of cholesterol esters and ascorbic acid falls rapidly (Fig. 601). Subsequently 
the precursors are fully restored. 

The gland cholesterol is derived partly from blood cholesterol ; after 
an injection of ACTH the level of blood cholesterol ester temporarily falls. 
The gland cholesterol may also be synthesized locally from acetic acid 
fragments ’’ (p. 799). 

If the injections of ACTH are continued over a period of days, the 


rate of replacement of the 
precursors rises and keeps pace 
with the rate of secretion. The 
gland becomes considerably 
enlarged (Fig. 601) and well 
packed with sudanophil granules 
which also extend into the 
deeper part of the cortex (zona 
reticularis) ; the concentration 
of cholesterol esters and ascorbic 
acid remains normal. Changes 
occur in the organism resembl- 
ing those produced by injection 
of adrenal cortex extracts 
(p. 964). ACTH has no physio- 
logical effects in the absence of 
the adrenal cortex ; ^ all its 
actions are thus mediated by 
the cortex. 

(3) Over-secretion of 
ACTH produces a syndrome 
of hypercortism [Gushing^s 
syndrome, p. 965). 

(4) Response to Stress. — 
Many adverse conditions (states 
of stress) internal and external 
cause a secretion of adrenal 



corticoid. These include the 
administration of ansesthetics 
like chloroform or ether, in- 
jection of insulin producing 
hypoglycsemia, diphtheria or 
tetanus toxin, infectious 


Fig. 602. — Response of Adrenal Cortex to Stress 
(Sayers and Sayers, Recerii Progress Hormone 
Besearch, 1948, 2, 81.) 

Upper Record : Type I response, to sudden short-lasting 
stress. 

Lower Record : Type II response, to gradual persisten 
stress. 

For description see text. 


diseases, histamine, haemor- 
rhage, traumatic shock, external heat or cold, anoxia and muscular exercise. 
The Hstological changes in the cortex depend on whether the stress ^ mdd 
or severe, develops quickly or gradually, is short-lasting or prolonged. 
the changes to be described depend on the integrity of the hypophysis, %.e. 
they are mediated by ACTH. Several types of reaction may be reco^^.i 
(i) Type I: the stress is sudden and short-lasting (e.g. a short bout of 
exercise, a non-fatal haemorrhage of one hour’s duration, v^ ^or^aotog 
drugs). There is an immediate discharge of hormone mto the blood. Ihe 
^ Sayers and Sayers, JRecent Pf ogress Horttume Pesearch, 1948, 2t 81. 
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sudanopliil granules disappear ; the cholesterol and ascorbic acid content 
falls. At this stage the rate of precursor breakdown exceeds that of 
re-formation. Later full recovery occurs and the gland becomes slightly 
enlarged (Fig. 602). 

(ii) Type 11 : the stress develops very gradually and acts for a long time 
{e,g. pregnancy, external cold or heat). The gland progressively enlarges 

as the cells increased in number. 
The secretion of the hormone is 
correspondingly increased but the 
precursors are re-formed as rapidly 
as they are broken down (Fig. 602). 

(iii) Type III : overwhelming 
stress ending in death (e,g, fatal 
acute infection or haemorrhagic 
shock). The gland is completely 
depleted of its store of precursor ; 
some hypertrophy occurs. A 
massive secretion of hormone is 
presumably taking place (Fig. 
603). 

(iv) Type IV : recovery from 
severe stress (e.g. severe chronic 
anoxia). Following the initial 
period of exhaustion (as in Type 
III) the hypertrophied gland 
becomes refilled to a greater 
extent than normal with pre- 
cursors (Fig. 603). 

(5) Mechanisms oe Response. 
— The question arises, how does 
the stress stimulus cause a secretion 
of ACTH and consequently a 
secretion of corticoids? The follow- 
ing possibilities must be con- 
sidered : 

Fig. 603. — Kosponse of Adrenal Cortex to ^ (i) ^ ervous MechaMSm * 
Stress. (Sayers and Sayers, Recent Pro- Stimulation of the hypothalamus 
gress Bormom Research^ 1948, P, 81.) causes a secretion of ACTH. 

Uppw^Eecord: Type III response, to acute fatal between the hypo- 

Lower Record : Type IV response, to severe stress with thalamus and the anterior 

For see text. pituitary is uot a toect newous 

one ; but a chemical mediator 
(*‘ neurohumour ”) is formed in the hypothalamus which is carried in the 
local blood supply to the anterior pituitary as explained on p. 931. The 
state of stress may stimulate appropriate afiferents or certain parts of the 
central nervous system and thus lead to hypothalamic activity which causes 
secretion of ACTH. 

(ii) Humoral Mechamsm }' — The secretion of ACTH might be regulated 
by the blood level of the hormone formed by the gland on which it acts 
^ Sayers, Physiol. Rev., 1960, 30, 241. 
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(i,e, the blood level of adrenal corticoid) ; a rise of blood cortiooid level 
might inhibit ACTH secretion by a direct action on the pituitary, while a 
fall of blood corticoid might increase ACTH secretion. Such a “ pituitary- 


CNS 



adrenal cortex axis ” would maintain a steady blood level of cortacoid in the 
same way as the “ pituitary-thyroid axis maintains the blood thyroxine 
level. It is supposed that states of stress cause increased utilization of 
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corticoids in the affected tissues and consequently a fall in their blood level 
leading secondarily to a compensatory secretion of ACTH and an increased 
discharge of corticoids from the adrenal cortex. It is worth mentioning by 
way of caution that almost nothing is known about the fate of the corticoids 
in the tissues on which they act (so-called target cells ’’). The following 
types of experiment support the hypothesis set out above. 

(a) An animal is subjected to stress and simultaneously an active adrenal 
cortex extract is injected. If the dose has been accurately judged there are 
no histological or chemical changes in the adrenal cortex. The injected 
corticoids have thus prevented the fall of blood corticoid which is normally 



Fio. 605. — Diurnal Variations in Eosinophil Count in Kormal 
Subjects. (Thorn et aX,, J. din. Endocrin,, 1950, 10, 198.) 

produced by stress ; in consequence ACTH is not secreted and the cortex 
does not^ respond. Such experiments also enable the amount of corticoid 
secreted in various states of stress to be roughly measured. 

(6) Injection of adrenal cortex extracts into an intact animal causes 
adrenal atrophy ; the rise of blood corticoid has inhibited ACTH secretion. 
Conversely partial removal of the adrenals, by reducing corticoid secretion, 
stimulates the pituitary and the excess ACTH released causes hypertrophy 
of the remaining cortical tissue. 

(iii) Adrenaline as Mediator . — Injection of adrenaline causes secretion of 
ACTH, probably owing to a direct action on the pituitary gland. Any 
condition, therefore, which causes the secretion of an adequate dose of 
adrenaline may lead secondarily to a secretion of corticoids (p. 728). 

The mechanisms which are probably concerned in regulating the activity 
of the adrenal cortex are summarized in Fig. 604. 
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Clinical Indices of Corticoid Secretion.^— (1) Blood Eosinophil 
Count. — TKe normal eosinopliil count in the blood in man is 50-500 per 
c.mm. ; the fluctuations in any individual during the 24 hours are, 
however, comparatively small (Fig. 605), though the count tends to rise in 
the afternoon. 

If adequate control counts have been made, a change of 40% or more 
produced experimentally is significant. 

(i) Injection of adrenal cortex extracts markedly lowers the eosinophil 
count ; how the change is produced is unknown. 

(ii) A similar result is obtained by injecting ACTE which acts solely by 
releasing adrenal corticoids (Fig. 606). ACTH is still effective in rats after 



Hours. 


Fig. 606, — Effect of ACTH oa Eosinophil Count in 
Normal and Adrenalectomized Rats. (Thom 
et ah, J. din, JSndocrin., 1950, 10, 203.) 

Ordinate : % change in eosinophil count. 

120, 80, 40=120%, 80%, 40% of control level (100=control 
level). 


destruction of the adrenal medulla ; it produces no change in the eosinophils 
after complete adrenalectomy (Fig. 606). ^ nmir 

(iii) Intravenous injection of adrenaline stimulates a secretion of ACTH 
and thus of adrenal corticoid and so lowers the eosinophil count. Adrenaline 
fails to produce a response after hypophysectomy or after adrenalectomy. 

(Fig. 607). . . . ’ . „ 

These observations are of great interest climcally and experimentally. If 
suitable controls have been carried out an experimentally induced fall of the 
eosinophil count is proof of the occurrence of corticoid secretion ; the amoiuit 
of corticoid thus secreted can be assessed by determi^g the dose which 
produces an equivalent change in the eosinophils. Using this technique, it 
can be confirmed in man that many types of stress and disease cause corti^id 
secretion, e,g, surgical operations, trauma, infections, cardiac infarction. The 
eosinophil response can also be used to assess the functional state of the 
anterior pituitary and the adrenal cortex in patients. 

1 Hills et al,. Blood, 1948, 3, 766. Thom dal,, J, din, Endocrin., 1960, 10, 187- 
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Clinical Proceduees. — (i) Adrenaline Tesi— Infuse 0*2 mg. of adrenaline 
in 200 c.c. of saline intravenously in one hour. In normals the eosinophil 
count 4 hours later falls on an average by 60%. In patients with severe 
hypopituitarism or Addison’s disease no change occurs (Pig. 608). 

Total White Cell Resj)onse to Adrenaline. — With tlie dose indicated the 
total white cell count after 4 hours is increased owing to a rise in the 
neutrophils ; there is an irregular rise in the lymphocytes tollowed by a fall. 

(ii) AGTH Inject 25 mg. of ACTH intramuscularly. In normals 

the average fall in the eosinophils 4 hours later is 75%. In Addison’s disease 
there is no response. In hypopituitarism the response is smaller than normal 
owing to the atrophic condition of the adrenal cortex (Pig. 608). 



Fto. 607. — ^EjBFect of Adronalino on Eosinophil 
Count in Normal and Hypophysectomized 
Kata. (Thorn al., J. din. Endocrin.f 1050, 
10, 206.) 

Ordlnato : % chango In QOHluophll count. 

100 ■-control level. 

150 , 50 ^ 450 %, 50 % of control level. 


(hi) Corticoid Test. — A positive response with this test proves that that 
unknown peripheral mechanisms which lower the eosinophil count are 
reactive. The adrenal amorphous fraction, cortisone and compound F 
lower the eosinophil count in man ; this result leaves them on the “ short 
list ’’ as claimants to the title of the natural cortex hormone. Desoxycortico- 
sterone is ineffective. 

Cicshing's Syndrome. — In this condition, which is associated with hyper- 
corticalism, the eosinophil count, as expected, is low ; the finding is of 
diagnostic value (p. 967). 

(2) Content of Sweat as Index of Corticoid Secretion.— As 
explained on p. 945 the adrenal corticoids decrease the Na+ content of 
sweat (Fig, 611). Changes in the composition of the sweat thus reflect 
alterations in the rate of corticoid secretion. 

(3) Excretion of Neutral 17-ketosteroids and Adrenal Cobti- 
coTDS IN THE XJrine.^ — (i) The Vl-'ketosteroids (as their name suggests) are 

^ Mason and Engstrom, Physiol. Jtev., 1950, 30, 321. 
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steroids with an =0 attached to the C in the 17 position (as for example 
in androsterone, Fig. 610). These ketosteroids are end-prodncts of corticoid 
metabolism in both sexes, but in the male they are also produced to a small 
extent by the testis. [Though oestrone, which is excreted in the urine in 
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Fiq. 608.—Effect of Adrenaline and ACTH on Eosinophil Count in Normal Subjects, 
in severe Addison’s Disease, and in Hypopituitarism. (Thom et al., J. din. 
Endocrin., 1950, 10, 221.) 

0= Control level. 40, 80=40%, 80% decrease compared with control level. 

Upper Eecords : % change in eosinophil count 4 hours after injecting 25 mg. of ACTH 

Lower Ee^OTd^l^yJ change in eosinophil count 4 hours after infhsing 0-2 mg. of adrenaline 
intravenously. 

The short black bars joined by a dotted line indicate the mean changes. 


women, is a 17-ketosteroid, it is a phenolic {acidic) compound and is therefore 
not estimated in the methods used for neutral 17-ketostemids.] The normal 
range of urinary output ^ of neutral 17— ketosteroids (in mg. per 24 
is 11-21 in men, and less in women, 4-5-19-5. In conditio^ of severe cortical 
insufidciency (e.g. Addison’s disease, Simmonds’ disease with cortical atpphy 
(p 931)) the output in the urine is reduced to subnormal levels, and is not 
increased by an injection of ACTH as is the case when the gland is normal. 
The Table below illustrates these points : 


Urinary Neutral 17-ketosteroids in mg. per 24 hr. 



Normal. 

Addison’s Disease. 

Control 

9-0 

3*0 

Inject ACTH (40 mg. dafly for 6 days) 

17-0 

2-9 


1 Butt ei oZ., Lancet 1950, ii 894. 
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The kctosteroid output may be increased when there is cortical hyperplasia 
but the increase is usually striking when a secreting tumour (especially 
carcinoma) is present. Fig. 609 shows that in a group of cases with simple 
hyperplasia the neutral 17-kotostcroid excretion rarely rose above 50 mg, 
In the cases with carcinoma the values usually exceeded 50 mg. and in some 
instances were mucli higlier {e.g, 250 rng. (or even 2000 mg.)). The excretion 
of neutral 17-ketosteroids is therefore increased in Cushing’s syndrome and 
in the adrenogenital syndrome, but it is not a sensitive index of cortical func- 
tion and its determination is of little value in doubtful cases. 

(ii) Urinary Adrenal Corticoids (so-called ll-oxysteroids ). — These are 
substances which in their biological action and chemical pro])erties resemble 
the natural adrenal corticoids. The amount in the urine may be assayed by 
biological methods, i.e. it is tested for corticoid physiological activity (e.^. 



609. — Neutral 17~kot08tcroids in Urine in Hyperplasia 
and Carcinoma of Adrenal Cortex. (After Talbot et al.^ 

J, din. Investig.f 1942, BU 560. 

Ordinate : nxcrotiou of IT-ketostoroUla In tirlno In lug. per day. 

Continuous lino : Upper normal limit of IT-kotosterold e.xcrotlou In 
cililldron (left) and adults (right). 

For description soo text. 

power to increase liver glycogen or to prolong life in adrenalectomized 
animals), or it may be determined by chemical methods. Sayers suggests that 
the terms ‘‘ biocorticoid ” and chemocorticoid ’’ might be used to designate 
respectively the substances which are thus measured. The output of the 
urinary corticoids correlates well with cortical activity. The normal output 
(per 24 hr.) is equivalent in biological activity to 0*1 mg. of cortisone. 
Corticoid excretion is decreased in Addison’s disease and in Simmonds’ 
disease, and is increased in clinical states of hypercortism and after injection 
of ACTH if the adrenal cortex is not subnormal. 

Both cortisone and compound F have been isolated from the urine in 
normal subjects and in cases of Cushing’s syndrome. 

Adrenal Cortex Insufficiency. Addison ’s Disease.^— Addison’s disease 
is the classical clinical syndrome of adrenal cortex insufficiency. The 
whole gland is usually affected, cortex as well as medulla ; but the clinical 
manifestations are due almost entirely to lack of cortical secretion. The 

1 Gaunt et al,, Physiol. Bev., 1949, 29, 281. Thom et ah. Adrenal Insufficiency, 
Oxford, 1949. Sorkin, Medicine, 1949, 28, 371. 
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lesions most commonly found are simple atropliy and tuberculous infection. 
Tbe main clinical features are : muscular weakness, low blood pressure, 
pigmentation, complex changes in fluid and ionic balance and in general 
metabolism, and terminally, renal and circulatory failure. 

Tbe detailed account that follows is amplified where necessary by reference 
to findings in adrenalectomized animals. 

(1) Alteration in Ionic and Fluid Balance.— (i) There are character- 
istic changes in the ionic composition of the plasma : (a) There is generally 
a fall in plasma Na+ to 136 m.Eq./L or less (average normal, 142 m.Eq./L). 
Thus in one series of patients the plasma Na+ value at some stage of the 
disease was between 115 and 130 m.Eq./L. 

(6) Less regularly there is a rise of plasma K+ ; values exceeding 6 m.Eq./L 
(23*5 mg~%) are pathological (average normal, 5 m.Eq./^=19*5 mg--%). 

(c) A fall of plasma Cl' (average normal, 103 m.Eq./L) and of bicarbonate 
(alkali reserve), (average normal 60 c.c. of COg/lOO c.c. of plasma) is common. 
The plasma changes are probably brought about as follows : 

(а) There is a primary derangement of the mechanisms concerned with 

reabsorption of !Nra+ and K+ by the renal tubular epithelium. There 
is decreased reabsorption of Na+ and therefore increased loss in 
the urine : plasma Na+ consequently falls. On the other hand 
there is increased reabsorption of K+ and, therefore, decreased loss 
in the urine ; plasma K+ consequently rises. As the fall in plasma 
Na+ exceeds the rise in plasma K+ the total concentration of plasma 
cations decreases. 

(jS) The treatment of Cl' in the tubules is more variable and does not 
necessarily follow that of Na+. If the reabsorption of Cl' is 
depressed to the same extent as that of Na+, there is an equivalent 
fall of Na+ and Cl' in the plasma and the blood reaction is unaltered. 
If there is a relatively greater loss of Na+ in the urine, some of the 
NaHCOg of the plasma loses its Na+ ; there is a corresponding 
fall in the alkali reserve and a condition of metabohc acidosis 
develops. 

(ii) The consequent changes in the body fluids resemble those found 
in simple Na+ or NaCl deficiency. Ionic equihbrium is rapidly attained 
between the plasma and the interstitial fluid. Owing to the functional 
“ impermeability ” of the tissue cell membranes to Na+, the intracellular 
crystalloid osmotic pressure initially exceeds that in the extracellular fluid. 
There is, therefore, a flow of water from the extracellular into the intracelliflar 
fluid. The plasma volume is decreased : the plasma protein concentration, 
the red cell count and the hsemoglobin concentration are all increased, i,e, 
there is Ticemoconcentration which is secondary to the anhydraemia. 

(iii) The changes in the blood lead to circulatory failure with decreased 
blood pressure and diminished blood flow to the organs. 

(iv) The kidney is adversely affected in two ways : {a) Its functional 
activity is very dependent on its blood supply j there ih a decrease in renal 
blood flow and probably also in glomerular pressure which lead to decreased 
glomerular filtration, decreased flow of urine (or even anuna) and decreased 
excretion of nitrogenous waste products. 

(б) As is explained on p. 64 decreased plasma Na+ depresses r^al 
activity in various ways : there is a further decrease in glomerular filtration. 
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a delayed or inadequate response to water drinking (which thus causes an 
excessive accumulation of body fluid) and a diminished excretion of urea (cf. 
p. 65). The kidney also fails to make ammonia to compensate for the 
acidsemia. 

(v) The fatal outcome is due to the combined eifects of circulatory and 
renal failure, including the changes in the blood composition. 

(vi) The lack of ionic balance is probably responsible for certain metabolic 
disturbances such as impaired absorption of carbohydrate and fat from the 
small intestine, decreased metabolic rate and loss of appetite.^ 

(vii) All the changes enumerated above (i-vi) can be rectified by giving 
a diet rich in Na+ (e.g. 10 g. of NaOl daily) and poor in K+. Similar 
improvement can be produced without necessarily changing the diet by 
administration of : {a) the amorphous fraction of the adrenal cortex ; or 
(6) desoxycorticosterone ; or (c) cortisone. Less hormone is needed if the diet 
is suitably adjusted. The symptoms of the disease are aggravated or a 
dangerous crisis may be precipitated by restricting the intake of sodium 
chloride. 

Clinical Tests. — Two tests of adrenal insufidciency are based on the 
disturbances described above. 

(а) The response to water drinking is tested (Robinson’s test) ; the 
resulting diuresis develops more gradually in patients than in normal 
subjects. 

(б) The patient’s ability to maintain the plasma Na^* concentration within 
normal limits, when the Na+ intake is drastically reduced, is tested. The 
Na+ intake is reduced to less than 1 g. daily and hormone treatment (if 
any was being given) is stopped. In a case of Addison’s disease, even if 
the plasma Na+ was previously normal it will fall below 135 m.Eq./L within 
a few days, and the characteristic symptoms of the disease appear or become 
aggravated. The patient must be carefully watched as intensive treatment 
must be started should the clinical state deteriorate. 

(2) Changes in General (Carbohydrate, Protein, and Pat) Meta- 
bolism. — These changes occur in adrenalectomized animals and in patients 
even when the diet is rich in Na+ and poor in K"^. The results of adrena- 
lectomy resemble in many respects those of hypophysectomy. It should be 
remembered that the pituitary diabetogenic factor is partly ACTH and that, 
in the main, the adrenal cortex is an antagonist to insulin. 

(i) Blood Sugar. — (a) Owing to cortical deficiency, tissue protein is not 
broken down to amino-acids to be subsequently used for glucogenesis ; 
similarly hepatic glucogenesis from amino-acids is depressed ; tissue uptake 
of glucose is perhaps increased. As a result the blood sugar falls slightly 
even in the well fed adrenalectomized animal. But if the animal is starved 
the failure of glucogenesis causes a severe and possibly fatal hypoglycaemia. 
Some degree of hypoglycssmia is common in patients with Addison’s disease 
and produces its characteristic symptoms. 

(6) There is excessive insulin sensitivity ; i.e. a small dose of insulin 
produces a marked fall of blood sugar, followed by a slow recovery. 

(c) Liver glycogen stores are low. 

(ii) Muscle Power. — The muscles are weak and quickly become fatigued 

1 Some patients may display grave symptoms of adrenal insufficiency although the 
ionic balance is normal. 
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on stimulation. The cause of the weakness is not known with certainty. It 
may be due to the abnormal ionic pattern in the body fluids ; it is usually 
benefited by administering Na+ salts and corticoids which raise plasma Na-^, 
In a few patients, power is not increased by these measures. Experimentally, 
the power of adrenalectomized animals is improved by infusions of glucose 
or injection of ‘‘ glucocorticoids,” suggesting that a defect of carbohydrate 
and related metabolism is a responsible factor. 

(3) Blood Peessure. — The blood pressure is commonly low ; values of 
90 mm. systolic, 65 mm. diastohc are typical. The patient may become 
dizzy and faint when passively tilted from the horizontal to the erect position. 
K a state of “ crisis ” develops still lower values occur. The blood pressure 
is raised to normal and even to abnormally high levels by Na*^ salts and by 
corticoids like desoxycorticosterone. 

(4) Pigmentation. — The pigment which is deposited in the skin is 
melanin, derived from tyrosine by the action of the enzyme tyrosinase. The 
cause of the pigmentation is unknown ; it does not occur in adrenalectomized 
animals. As tyrosine is also a precursor of adrenaliae the pigmentation has 
been accounted for as follows : the destruction of the adrenal medulla leads 
to the accumulation of tyrosine which would normally be converted into 
adrenaline ; this unused tyrosine is transformed into melanin. This 
explanation is maccurate as pigmentation may occur in patients in whom 
the medulla is intact. It has been suggested that the enzyme reactions 
leading to melanin formation may be under hormonal control ; the pig- 
mentation is, however, little affected by administration of corticoids.^ 

(5) Nausea and Vomiting are common ; they are attributed to loss of 
Na+ and to acidsemia. The similarity between many of the findings in 
Addison’s disease and sodium chloride deficiency must be emphasized (p. 65). 

(6) Crisis. — Acute cortical insuficiency produces the so-called crisis. 
There is vomiting, apathy, drowsiness and signs of dehydration ; the blood 
pressure falls to a very low level ; the terminal signs are delirium, coma, and 
evidence of grave renal failure. 

(7) Terminal Changes in Adrenalectomized Animals. — Towards the 
end many metabolic processes are depressed ; the rate of deamination of 
amino-acids, the rate of formation of ketone bodies (in the liver) and their 
utilization by the tissues, phosphorylation processes in general, and the level 
of tissue Og consumption are ah decreased ; body temperature finally falls. 
These changes are apparently secondary to the ionic disturbances as they 
clear up when the latter are corrected. 

(8) Urine. — In adrenal cortex deficiency the urinary excretion of the 
neutral 17-ketosteroids is reduced. The excretion of the corticoids in the 
urine may cease (p. 954). 

Active Principles of Adrenal Cortex. Corticoids.^ — ^It is customary 
to divide the physiologically active substances which can be extracted from 
the adrenal cortex into two categories : (i) crystalline components ; (ii) the 
amorphoics fraction. 

(1) Crystalline Compounds. — ^About 50 have been isolated from, the 
adrenal cortex or synthesized but of these only a few possess corticoid 

1 Lemer and Fitzpatrick (Melanin formation). Physiol. Pev.^ 1950, SO, 91. 

® Heard, in The Hormones, N.Y., 1948, 1, 550. Hechter, Recent Progress Eormone 
Research, 1951, 6, 216. The elementary structure of the steroids is described on p. 1074. 
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actions, ^.e, actions resembling in some respects those of adrenal cortex 
extracts. These steroids can be divided into three main groups (Fig. 610). 

(1) Oasycorticoids with an =0 or —OH grouping attached to the C*in 
the 11 positions, e.g. corticosterone, cortisone (KendalFs compound E) 
17-hydroxycorticosterone (compound F) , and 1 l-dehydrocorticosterone! 
These steroids correct the abnormalities of general metabolism (^.e. those of 
carbohydrate, protein, and fat metabolism) in adrenalectomized animals. 
They are generally called glucocorticoids because of tlieir easily observed 
effects on carbohydrate metabolism. 

(ii) Steroids without an =0 or —OH in the 11 position, ^.e. desojcw- 
corticoids. They have no direct effect on general metabolism but they 
correct the abnormalities of ionic equilibrium in the adrenalectomized 
animal. They are therefore called mineralocorticoids. The best known are 
desoxycorticosterone (deoxycortone) and desoxycortisone (compound S). 
Desoxycorticosterone acetate is commonly abbreviated to DOGA or DCA. 

The subdivision into so-called gluco- and mineralocorticoids is however 
only of limited value. The mineralocorticoids, because they restore the 
normal ionic balance, also remedy the carbohydrate and other disturbances 
which are secondary to the ionic imbalance. Even more significant is the 
fact that the oxycorticoids cortisone and compound F, in suitable dosage, 
can directly influence both the ionic imbalance and the derangements of 
general metabolism. Cortisone is thus as much a mineralo- as a gluco- 
corticoid. The term glucocorticoid is unsatisfactory for another reason : the 
metabolism of the foodstuffs is closely inter-related ; the metabolic disturb- 
ances in Addison’s disease which are corrected by the active corticoids 
involve proteins and fats as well as carbohydrates. It would be more logical 
to designate the so-called glucocorticoids as metabolocorticoids. 

(hi) Sex hormones like progesterone, oestrogens and androgens ; the 
adrenal androgens resemble androsterone in having an —0 in the 17 position, 
z.e. they are neutral 17-ketosteroids. One androgen isolated from the adrenal 
is called adrenosterone. Adrenal cortex extracts may contain a substance 
called cortilactin which influences the development of the breast. Neutral 
17-ketosteroids of adrenal origin are normally excreted in the urine (p. 952). 

(2) Amobphous Fraction. — This is of undetermined composition. It is 
a disconcerting fact that this material represents 90% of the activity of 
crude adrenal cortex extracts as tested by their power to maintain life and 
to regulate ionic balance in adrenalectomized animals ; the chemically 
identified steroids of the adrenal cortex represent only 10% of the curative 
activity of crude adrenal extracts. 

Natural Adrenal Cortex Hormone. — There is still uncertainty about 
the identity of the steroid or steroids or other active principles secreted by 
the adrenal cortex. The following observations throw some light on the 
subject : 

(i) The only physiological action of ACTH is to cause the adrenal cortex 
to secrete its hormones. The results of injecting ACTH in normal subjects 
can be compared with the effects produced by various corticoids. The 
corticoid which most closely reproduces the action of ACTH would have a 
claim to be regarded as the natural hormone or at least as one of the natural 
hormones. As explained later both cortisone and compound F satisfy this 
criterion. 
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Fig. 610, — Structure of Adrenal Corticoids. 
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in blood pressure and an increase in muscular strength. DOCA represents 
only a partial form of replacement therapy as it does not correct the 
abnormahties of general metabolism; it does not prevent hypoglycsemia. 
It has no effect on the eosinophil count. It has, however, considerably 
prolonged the expectation of life in patients with Addison’s disease. 

Toxic Effects of Deoxycortone. — (i) Large doses produce toxic symptoms 
in 'patients. There is excessive retention of Na+ and CT and secondarily of 
water, leading to increased plasma volume, extensive oedema, hypertension,^ 
and cardiac embarrassment ; the stores of K+ are depleted and prostration 
may occur. The plasma Na+ may exceed 140 m.Eq./L and the plasma K+ 
may fall below 3 m.Eq./L. The symptoms are aggravated by a high NaCl 
intake. When deoxycortone is used in the treatment of Addison’s disease it 
is best combined (for safety) with a reduced Na+ and high K+ intake. 

(ii) In experimental animals, overdosage with deoxycortone is alleged to 
produce (in addition to hypertension) pathological changes in many organs ; ^ 
these include mahgnant nephrosclerosis, necrotic changes in the arteries 
resembling those found in periarteritis nodosa, the development of Aschoff 
bodies in the heart like those of rheumatic fever, and joint lesions like those 
of rheumatoid arthritis. The mineralocorticoid desoxycortisone (compound S) 
produces similar lesions experimentally. It is alleged that these structural 
changes can be prevented by administering suitable doses of the oxycorticoid 
cortisone.^ 

(3) Cortisone.'* — Very thorough clinical and experimental studies have 
been carried out with this steroid. In doses of 10'-20 mg. daily it maintains 
health in cases of Addison^ s disease : it is also beneficial in cases of Simmonds’ 
disease (p. 930). Given in daily doses of 50-100 mg. (or less) it has proved 
beneficial in an extraordinary range of diseases in none of which there is any 
evidence of disturbed secretion of adrenal corticoids. It is as effective by mouth 
as by intramuscular injection. 

Injection of ACTH produces similar therapeutic effects in these diseases 
if the adrenal cortex is intact, presumably by releasing a cortisone-like 
substance. 

The results of detailed studies of the action of cortisone are summarized 
below : 

(i) General Metabolism. — {a) Like the other oxycorticoids, cortisone 
opposes in some respects the action of insulin. Thus it raises the blood sugar, 
and increases neoglucogenesis. Glycosuria may develop ; this is due partly 
to the hyperglycsemia and partly perhaps to a phloridzin-like action on the 
renal tubules paralyzing the reabsorption of glucose. It aggravates all the 

^ DOCA may have a direct constrictor action on blood vessels. 

2 Selye, Brit. med. J., 1950, i, 203. 

3 Adrenal Cortex and “ Adaptation Syndrome.''^ According to Selye, the bodily responses 
to “ stress ” comprise what he has termed the “ adaptation syndrome ” which is divided 
arbitrarily into three stages : (i) an initial alarm reaction ; (ii) adaptation proper, when 
the body’s compensatory reactions to stress develop ; and (iii) a phase of exhaustion 
which occurs if exposure to stress is excessive. As explained on p. 947, adrenal corticoid 
secretion occurs in many states of stress. (Selye, J. din. Endocrin., 1946, 6, 118.) 

^ Carlisle, Brit. med. J., 1950, ii, 590. Hench et at, Proc. Staff Mayo Clinic, 1949, 24, 
181. Symposium, ibid., 1950, 25, 474r-502. Thom and Forsham, Recent Progress 
Hormone Research, 1949, 4, 229. Sprague et at, J. din. Endocrin., 1950, 10, 289. 
Sprague et at, Arch. int. Med., 1950, 85, 199. Hench ei at. Arch, int, Med., 1950, 85, 545. Ingle, 
J. din. Endocrin., 1950, 10, 1312. Sprague et at. Recent Prog. Hormone Res., 1951, 6, 315. 

3 ^. 
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signs in diabetic patients. On stopping cortisone treatment transient 
liypoglyceemia may develop ; tbis result is attributed to cortisone depressing 
ACTH secretion and consequently tbe normal activity of the adrenal cortex. 
Again like the other oxycorticoids (but in this respect acting like insulin) 
cortisone increases the deposition of glycogen in the liver. 

( 6 ) It increases the breakdown of tissue proteins ; the released amino- 
acids in part give rise to blood glucose as mentioned above. 

(c) The effect on total nitrogenous excretion in the urine is variable ; it 
is often increased. Urinary creatinine is unaffected ; the output of creatine 
(if creatinuria was previously present) and of uric acid is increased. The 
increase in the ratio of uric acid/creatinine or of creatine/creatinine is a 
convenient index of the urinary changes. In patients with gout, uric acid 
excretion is strikingly increased by administration of cortisone ; this effect 
is in part due to decreased reabsorption of uric acid from the renal tubules 
into the blood. 

(d) Cortisone may increase the mobilization and utilization of fat. 

(e) Calcium (and phosphate) excretion may be increased, resulting in 
osteoporosis. 

(ii) Bony Fluids and Ionic Balance. — Like the desoxycorticoids, 
cortisone corrects the ionic imbalance and the other body fluid disturbances 
which are found in Addison’s disease. There is thus retention of Na+ and 
water (and usually of CT) and increased excretion of K*^. 

In toxic doses cortisone produces the same undesirable effects as 
deoxycortone. There is excessive retention of Na'*' and water; if this 
condition is not dealt with by a natural diuresis, there is oedema (peripheral 
or pulmonary), ascites, congestive heart failure and hypertension. (Treatment 
consists of reducing the Na+ intake and administering diuretics.) 

If Cr is not retained in equivalent amounts to Na'^', the excess Na+ unites 
with HCO 3 ' form sodium bicarbonate, thus increasing the plasma alkali 
reserve and producing alkalosis. 

There may be excessive excretion of in the urine. The resulting low 
serum causes muscular weakness (cf. periodic paralysis, p. 519), arterial 
hypotension and changes in the electrocardiogram (Fig. 015). The symptoms 
are relieved by administering K+ salts. 

(hi) Muscle Power is restored by cortisone in cases of Addison’s disease 
and in adrenalectomized animals. 

(iv) Central Nervous System. — The patient may feel well and cheerful ; 
or he may sleep badly and become restless, excitable, or even maniacal. 
Some patients become depressed. The frequency of the al 2 }ha waves in the 
electroencephalogram is increased. 

(v) Blood.^ — {a) As a result of cortisone treatment the lymphoid tissues, 
including the thymus, atrophy. The number of circulating blood lymphocytes 
is reduced. It has been suggested that there is increased destruction 
of lymphocytes within the lymphoid tissues. 

(6) The circulating eosinophil leucocytes are decreased, 

(c) Polycythaemia may be produced. 

(vi) Large doses produce some of the characteristic features of Cusbing’s 
syndrome, including rounding of the face and, in women, growth of hair on 
the face, chest, and anterior abdominal wall (hirsutism), and amenorrheea. 

* White, Harvey Ziecturea, 1947-48, 1. Harris et aL, J, Physiol,, 1950, 111, 328, 336. 
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These observations suggest that Cushing’s syndrome is due to hypercortism 

(p. 965). 

(vii) The adrenal cortex atrophies because the raised level of blood 
cortisone depresses the secretion of ACTH. 

General Therapeutic Efpects op Cortisone. — The therapeutic action 
of cortisone in states of adrenal cortex insufficiency, and the toxic effects 
described above, are all in keeping with what is known about the physiology 
of the adrenal cortex. Cortisone, however, has beneficial effects in the 
diseases set out below in the Table (from Carlisle) in none of which is the 
adrenal cortex known to he at fault. Its mode of action is so far unexplained. 
Of a very large number of corticoids (natural and synthetic) so far tested, 
only compound E has been found to have therapeutic effects like those of 
cortisone.^ Even the “ diene ” of cortisone (^.e. cortisone with a second 
double bond joining Gq and C7), though it prolongs Hfe in the adrenal- 
ectomized animal, does not possess the general therapeutic actions of 
cortisone. 


Response op Various Diseases to Cortisone 


Beneficial Effect 
often Dramatic 

Results Encouraging 
hut Require 

Further Evaluation 

Transient 
Beneficial Effects 
Observed 

Rheumatoid arthritis 

Rheumatic fever 

Rheumatoid spondylitis 

Still’s disease 

Psoriatic arthritis 

Lupus erythematosus 
(early) 

Asthma (status asthmaticus) 

Inflammatory eye diseases 

Exfoliative dermatitis 

Pemphigus 

Various allergies : 

Hay-fever 

Angioneurotic oedema 
Drug sensitization 

Serum sickness 

Acute gouty arthritis 

Ulcerative colitis 

Regional enteritis 

Nephrotic syndrome 

Scleroderma (early) 

Dermatomyositis 

Psoriasis 

Periarteritis nodosa (early) 

Pulmonary granulomatosis 

Alcoholism (?) 

Acute leukaemia (lympho- 
cytic or granulocytic) 

Multiple myeloma 

Lymphosarcoma 

Hodgkin’s disease 

Chronic lymphatic leu- 
kaemia 


An important generalization about cortisone is that it blocks allergic 
hypersensitivity reactions. It is consequently useful in hay fever, asthma, 
drug reactions, and serum sickness. 

^ Fonrman et al ., J . cUn , Invesiig.f 1950, 29 , 1462. 
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CLINICAL ACTION OF ACTH 


In patients with certain diseases, cortisone causes the tissues to behave as 
‘‘ though the noxious agent was not there ” ; cortisone in these people acts 
like “ an asbestos suit against fire,” protecting the tissues from damage and 
preventing their normal responses to injurious agents, but not extinguishing 
the fire. As might be expected, in most instances im[)rovement persists 
only for as long as treatment is continued ; a relapse occurs on stopping 
treatment unless in the meantime the disease has come to its natural end.^ ^ 
Clinical Action of ACTH.- — ACTH has been obtained from the gland 
in the form of a simple protein (mol. wt. 20,000).^ Clinically it can be 
employed safely and effectively. When injected into normal subjects, it 



Eig. 611. — Action of ACTH in Normal Man. (Comi cl uL^ J. din, Endoenn., 

1950, 10, 12.) 


produces in the main the same physiological effect as cortisone, but the 
adrenal cortex is enlarged (and not atropliied). 

(1) The changes in the urine, sweat, and blood eosinophil count are well 
summarized in Fig. 611, which shows the effects of injecting 50 mg. of ACTH 
daily for 10 days. 

(i) The Na+ and CT content of the sweat is reduced. 

1 Cortisone produces alterations in the local and gonoral rosponses to injury and in- 
fection. Thus it depresses the formatioix of granulation tissue in wounds. It diminishes 
the resistance of mice to experimental tuberculosis. In inati it diminishes or abolishes 
the tuberculin reaction ; in patients it may cause acute spread of tuberculous infection. 
It prevents or reduces tissue reaction to chemical irritants (in guinea pigs). 

^ Thorn et al,, J. din, Endocrin,, 1950, 10, 187. Conn et dl,, ibid., p. 12. Venning 
et al,, J. din. Investig., 1950, 10, 583. 

® A polypeptide with a mol. wt. of about 2500 has been prepared which is about 100 
times as active as this protein preparation ; a smaller active polypeptide of mol. wt. 1200 
has also been prepared. It would seem that the physiological activity of the ACTH 
protein resides in a restricted part of the molecule. 
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(ii) There is a marked increase in urinary N on a constant diet, indicating 
that tissue protein is being broken down. 

(iii) Glycosuria develops. This is due to hyperglycsemia and to decreased 
glucose reabsorption in the tubules. 

(iv) The excretion of urinary Na+ and Cl' is initially reduced, the former 
more than the latter ; but after some days the effect wears off. There is a 
transient washing out of K+ in the urine. On stopping the injections there 
is a greatly increased (compensatory) excretion of N'a+ and Cl' in the urine. 

(v) Uric acid excretion rises. 

(vi) The blood eosinophil count falls. 

(vii) There is an increased excretion of both corticoids and neutral 
lY-ketosteroids in the urine. 

(viii) The general clinical picture produced by ACTH (as with cortisone) 
resembles Cushing’s syndrome. 

(ix) ACTH has in general the same therapeutic effects as cortisone, but 
it is of course useless in Addison’s disease. Its use as a diagnostic agent is 
considered on p. 952. 

(2) ACTH is part of the diabetogenic factor of anterior pituitary extracts. 
The relative importance of ACTH and growth hormone as diabetogenic 
agents varies with the species. ACTH readily produces diabetic manifesta- 
tions in man ; pure injected growth hormone has so far been inert in man. 

Clinical Manifestations of Hyperfunction of Adrenal Cortex. 
(Hypercortism). — Two main clinical syndromes occur : 

(i) Cushing’s (‘‘ Coetico-metabolic ”) Syndrome, in which there is 
excessive secretion of a corticoid which resehables corSsone in its actions. 

(ii) Adrenogenital ('' Cortico-sexual ^’) Syndrome, in which there 
is excessive formation of sex hormones, either male (androgens) or female 
(oestrogen, progesterone or a lactogen (“ cortilactm ”)). 

Mixed syndromes may also occur. 

Anatomical Findings. — The anatomical changes found in the adrenal 
cortex are variable. There may be none (^.e. the tissue is overactive but 
not increased in size) ; or there may be simple hyperplasia ; or an innocent 
or malignant tumour may be present. (If the tumour cells are non-secreting 
no endocrine disorder develops.) 

The adrenal changes may be primary or secondary. Some cases of 
Cushing’s syndrome are attributed to hypersecretion of pituitary ACTH. An 
adenoma of the pituitary basophil cells is sometimes present ; irrachation 
of the gland (with X-rays) may lead to regression of the signs of the disease. 
Changes in the pituitary, consisting of hyalinization of the basophil cells, are 
said to occur regularly in Cushing’s syndrome ; but these may be secondary, 
i.e, produced by the elevated blood level of corticoid which is known to act 
on the pituitary. In some cases of phseochromocytoma (tumours which 
secrete excess adrenaline and nor-adrenaline) some of the signs of Cushing s 
syndrome may occur ; this is an interesting observation as it is known that 
adrenaline in adec[uate concentration stimulates ACTH secretion (p. 950). 

1. Cushing’s Syndrome (‘‘ Corticometabolic Syndrome ”). (Hyper- 
secretion of a Cortisone-like Corticoid.)^ — The main findings are set 
out below where an attempt is made to interpret them in the light of the 
known effects of cortisone and related corticoids. 

1 Kepler et aL, Receyd Progress Hormone Research^ 1948, 345. 
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(i) There is wasting and weakness of the skeletal muscles, especially of 
the limbs. This may be due to the breakdown of muscle protein (to aminO' 
acids) and the low level of serum K-^ (cf. p. 520). 

(ii) There is obesity, usually of characteristic distribution. The face is 
fat moon-face ”), with narrow eye-slits and a “ fish-like mouth ” ; there 
is a pad of fat ’’ on the back in the ccrvico-thoracic region ; there is also 
general trunk adiposity (Fig. 612). The corticoids arc known to mobilize 
and break down reserve fat ; but the clinical findings suggest that in this 



Fig. G12. — Juvenile Case of Cushing’s Syndrome. (Melicow and Cahill, J. cUn. 

Endocrin,, 1950, 10, 50.) 

Boy aRcd 11. 

Note the moon faco, narrow eyo-alits and trunk obesity. 

The scrotum was small but the tostos wore well developed. 

syndrome a redistribution of reserve fat occurs, i,e, mobilization followed by 
deposition elsewhere. 

(iii) The skin is thin and there are purplish striations where the blood 
vessels show through. The changes arc attributed to removal of the protein 
matrix (cf. (i) supra). Acne often develops. There is hirsutism (abnormal 
hairiness of the face, chest, and abdomen). All these changes are produced 
clinically by cortisone. 

(iv) There is thinning of the bones (osteoporosis) which is due in part to 
excessive withdrawal of calcium salts and in part perhaps to loss of the 
protein matrix. 
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(v) T here a re signs of diabetes^ meUiM^^ grades of severity. 

As explaiiied~oh“ p. '*961 tFAcoftisone-liie corticoids are diabetogenic. 

(vi) There are sexual changes : impotence and other signs of h^ogonadism 
in the rnale^and^ammorrhlBa in the female. ‘ These have been attributed to 
excessive secretion of oestrogen and androgen respectively ; but this 
assumption is unnecessary as cortisone produces similar results. 

(vii) The changes in plasma ionic concentration and in the volume and 
distribution^oT the extracellular flmds are generally small. Retention of 
Na+ and to a less extent of Cl' may occur ; alkalosis may result owing to an 
increase in NaHCOg ; serum K+ is often lowered. 

(viii) Hypertension and oedema are common. 

(ix) ThefS^re'^shangies ih the cifcTd^^ i.e. a decrease in the 

eosinophils (p.'^ 952')'*aiid in the lymphocytes.^— Erythrsemia may occur Xthis 
finding- ismiexplained) . 

(x) There is increased excretion in the urine of neutral 17-ketosteroids 

and^orticoidsT * " 

In a "patient with Cushing’s syndrome attributed to a basophil tumour 
of the pituitary, the following findings were present before, and 9 months 
after, irradiation of the pituitary. 

Before. Nine months after. 


Eosinophils per c.mm 4 100 

Uric Acid/Creatinine in urine . . . 1*10 0-52 

Fasting Blood Sugar in mg-% . . . 202 70 

Blood Pressure in mm. Hg . . . 230/130 140/95 

Urinary Neutral 17-Eletosteroids in mg./24 hr. 230 9*8 

Urinary Corticoids in mg./24 hr. . . 0*65 0*05 


Relation of Hypercortism to (Edema and Ascites. — In cardiac oedema 
(p. Ill) and in ascites associated with portal obstruction (p. 822), there is 
increased reabsorption of Na+ from the renal tubules into the blood with 
secondary retention of water. These renal changes have been attributed to 
excessive corticoid secretion. 

2. Adrenogenital Syndrome. — ^As already explained, adrenal cortex 
extracts contain oestrogens, androgens, progesterone-like substances and 
cortilactin (a substance acting on the breasts). There is no convincing 
evidence that the adrenal cortex is normally concerned with the regulation 
of sexual functions. The significance of the presence in the normal cortex 
of the substances just enumerated, is unknown ; it is possible that they 
may represent intermediaries on the path either of synthesis or of destruction, 
of the natural cortex hormones.^ In disease, large amounts of one or more 
of the sex hormones may be formed in the adrenal cortex with consequent 
derangement of sexual function. The main clinical syndromes are discussed 
below. 

(1) Precocious Iso-sexual Development in Children. — Thus, little 
girls have been known to menstruate at the age of two. Little boys show 
early development of testes, penis, and secondary sexual characters ; there 

1 Deoxycortone has progesterone-like qualities ; experimentally ovariectomatized 
monkeys can transform deoxycortone into pregnanediol (tke normal end-product of 
progesterone which is excreted in the urine). 
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is also precocious growth of the body as a whole resulting in the stocky, 
precociously virile “ infant Hercules ” type.^ 

(2) Syndkomes in Ai)ULTS.-~When the adrenal cortex j)roduces sexual 
derangements in adults there is a tendency to (diversion to the secondary 
characters of the opposite sex. Thus adult women with cortical hyperfunction 
generally develop male secondary sexual characters ; the condition is called 
adrenal virilism. Adult males, very occasionally, show feminization. 

(i) Adrenal Virilism. — The changes produced by adrenal cortex tumours 
in adult females are illustrated by the following case.^ The woman was quite 
normal in appearance till early in 1933 (Kg. 613). Symptoms then developed : 
she progressively became more masculine in appearance, a beard began to 



Fig. C13. — Effects of Tumour of the Adrenal Cortex on Secondary Sexual Characters 
(Adrenal Virilism). (Hare, Kosa, and Crooko, Lancet^ 11)35, ii.) 

Left hand : Patient in 1920 at the ape of 24. Symptoms bepan In I9ri2. 

Right hand : Patient in December 1934 at ago of 32. Koto tlic remarkablo degree of masculinization 
whicli has taken nlaco. 

A carcinoma of the adrenal cortex was found at oi)oratlon and death follDWOd its attempted removal. 

grow which had to be clipped once weekly, the complexion became florid, the 
neck thick, and there was a marked double chin. The menstrual periods were 
first irregular and, later, completely ceased. At operation a carcinoma of the 
adrenal cortex was found. The patient died ; poat-mortoin the ovaries were 
small and fibrotio and showed no Graafian follicles ; the uterus was small ; 
the external genitals were normal, but there was some enlargement of the 
clitoris. 

In cases which survive the operation, removal of the adrenal cortex 
tumour restores the feminine characters, both ])hysical and psychical. The 
virilism is attributed to excessive secretion of androgens by the adrenal 
cortex. 

(ii) Adrenal Feminization. — The commonest change noted in adult 
males, so affiicted, is enlargement of the breasts ; sometimes considerable 
glandular development occurs and it may be povssible to squeeze out milk 

1 The exploits for which Hercules is justly famous wore not exclusively muscular. 

^ Hare, Koss, and Crooke, Lancet, 1936, ii, 118. 
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from the gland. The breast changes are attributed to excessive secretion of 
oestrogens (which are found in abnormally large amounts in the urine) and 
probably also of progesterone and 
cortilactin. Libido is diminished as 
shown by diminished interest in 
women, decreased sexual potency 
and less frequent occurrence of 
nocturnal erections and of seminal 
emissions. There may be atrophy 
of the testes, which is attributed to 
the raised level of oestrogen in the 
blood inhibiting the secretion of 
anterior pituitary gonadotrophins. 

Successful operation restores normal 
sexual vigour. 

In most cases of the adrenogenital 
syndrome there is increased urinary 
excretion of neutral 17-ketosteroids, 
strikingly so when a secreting carci- 
noma of the cortex is present (Fig. 

609). In cases of feminization the 
urinary oestrogen content may be 
high. 

(iii) Mixed Syndromes. — In 
these cases the clinical findings 
suggest increased secretion of both 
cortisone-hke substances and of sex 
hormones. Thus the first case of 
adrenal cortex tumour reported in 
the literature (by Tilesius in 1803) 
was a little girl, age 4. She was 
very obese ; her immensely fat 
cheeks hung over her neck on to 
the upper part of the chest ; the 
skin was thin, of high colour, with 
the veins showing through readily; 
hirsutism was present. But in 
addition to these ‘"cortico- 
metabolic ” changes there was 
marked sexual precocity as shown by the development of the external 
genitals (Fig. 614) 



614. — ^Tilesius’ Case of Adrenal Cortex 
Tumour. (Kepler et aZ., Recent jPto~ 
gress Hormone Research, 194S, 2, 388.) 
Little girl aged 4. Eor description see text. 


POTASSIUM METABOLISM 

Potassium Balance.^ — The K+ content of the body depends on the 
balance of K+ intake and K+ loss. As K+ is an important constituent of all 
cells, animal and vegetable, any reasonably arranged diet will supply normal 
K"*" needs. Excretion of K+ occurs in the urine and some is lost in the faeces. 
1 Elkinton and Tarail, A7n«r. J. Med., 1950, 9, 200. 

31 * 
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A diet of pure carbohydrate and fat contains no K'^ ; there is, of course no 

intake during starvation. ^ | 

The normal K+ ion concentration in serum is about 20 mg~% (5 m.Eq./L) ■ 
(p. 6) ; the concentration in the cells is far biglier as K+ is the principal 
intracellular electrolyte (p. 5). As the surface membrane of most cells is : 

permeable to K+ ions (p. 7) the gpat differences which are normally present i 

between the K"** ion concentration in the intracellular and extracellular 
fluids are maintained by active cation transfer by the cells, the necessary 
energy being derived from metabolic processes ; when coll metabolism is 
depressed, e.g, in stored red cells, K+ ions move passively out of the cells into ^ 

the extraceliular fluid with the concentration gradient (p. 8). Most of the ! 

intracellular is combined with organic phosphate esters. In states of i 

acidosis these esters undergo phosphorolysis releasing inorganic phosphate : 

which, together with K+ ions, passes into the plasma (p. 95) ; as some of the j 

K+ is excreted in the urine as KHjPO^, acidosis leads to depletion of the I 

K+ reserves of the tissues. In dehydration too there is a loss of K+ from the 
cells (p. 66). I. 

Keoulation of Serum K"'*.— Our knowledge of the factors which regulate f 

the serum level is still imperfect ; it is not clear to what extent K+ can | 

be withdrawn from the plasma and stored in the cells when the serum K+ 
rises or can be mobilized from the cells when serum falls. Serum K+ 
depends to an important extent on the degree of IC' rcabsorption which , 
takes place in the renal tubules (p. 28), which in turn depends on the level 
of adrenocorticoid activity (p. 955). 

(i) In Addison’s disease serum often rises ; conversely, serum K+ 
falls in hypercortism (p. 966) or after injection of DOCA, cortisone or ACTH 
(pp. 961, 962). 

(ii) In familial periodic paralysis (p. 519) a fall of serum K+ occurs which 
is roughly proportional to the degree of muscular weakness. 

(iii) In renal disease serum may rise from K+ retention (owing to 
decreased glomerular filtration) (p. 4) or fall from excessive excretion in the 
urine (owing to decreased rcabsorption of K*^ in the tubules). Severe K+ 
depletion occurs during the phase of recovery from diabetic coma ; if the 
K+ intake at this time is small, the serum K+ falls. 

(iv) Serum K+ may fall owing to K+ loss in severe vomiting, diarrhoea 
or steatorrhoea. 

Tunotion Potassium. — The role of &+• is still imperfectly understood. 

It is related to the excitability of nerve fibre (p. 485) and muscle fibre. It 
may be involved in transmission processes at the motor end plate (p. 519) 
and in autonomic ganglia (p. 523). It modifies the action of heart muscle 
(p. 236). Alterations in the electrocardiogram are a sensitive index of changes 
in the serum K+ level (Fig. 615). A fall of serum K+ causes diminution, 
depression or occasional inversion of the T wave ; the QT interval is prolonged, 
the ST segment is depressed. An abnormally high serum K+ level causes the 
T waves to become exaggerated and sharply peaked ; eventually the P 
waves may disappear.^ The role of intracellular as a buffer is considered 
in the case of the red cells on p. 93, and of the general tissue cells on p. 95. 

Symptoms of Potassium Lack. — The clinical findings are variable; 
muscular weakness and the e.e.g. changes mentioned above are the most 
1 Hawkins et cd.. Lancet, 1951, i, 318. 
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regularly observed. Other symptoms noted in states of K+ lack and relieved 
by K+ therapy are : shallow rapid breathing, abdominal distension and 
mental changes, e,g, lethargy, apathy or dehrium.^ K+ lack must be treated 
by giving potassium in amounts sufficient to restore not only the serum K+ 
level, but also the intracellular reserves ; the total loss of K+ which occurs 
in depleted patients may amount to 8-36 g. If the patient can take food by 
mouth, 3-5 g. of K+ (as KH 2 PO 4 and KgHPO^) may be added to each litre 



(a) (l») . (c) 


Fig. 615. — Effect of Changesi n Serum K+ Level on Electrocardiogram. (Thomson, 

Lancet, 1939, i, 508. 

Case of Addison’s Disease. Initial blood pressure, 70/45 mm. Hg ; blood urea 90 mg-%. 

Serum LefceU in mg-% EeigU of T-wave in mm. 

E;+ I^a+ Ca++ Lead I Lead H Lead HI 

(а) 18tb lilay 1939. 31-6 284 9-9 1-5 7‘0 5-0 

Put patient on low K1+, high K’a+ diet. Inject extract of whole adrenal cortex (“ eucortone ”). 

(б) 10th June 1939. 15-9 309 11-5 1*0 4-0 2-6 

(c) 23rd June 1939. 8-3 319 9*9 1-0 1-5 0-75 

Note in (a) the e.c.g. changes resulting from high’serum K+ (hyperkalsemia) ; note in (b) and (c) the results 
of low serum K+ (hypokalamia). 

of milk or fruit drink ; if the flow of urine is adequate such treatment is safe. 
In urgent cases K+ may be given parenteially, e.g. in Butler’s solution (p. 109, 
footnote) or as Elkinton’s solution containing 4-5 g. of K 2 HPO 4 , 1 g. of 
KH 2 PO 4 and 5*5 g. of NaCl per litre. The rate of infusion should not exceed 
20 m.Eq. ( 0*8 g.) ofK+ per hour, corresponding to 300 c.c. per hour of 
Elkinton’s solution. 

Parenteral K+ therapy may be dangerous if the urinary output is low ; 
the clinical state, the serum K+ level, and the e.c.g. appearances should be 
carefully watched for the first signs of potassium poisoning and appropriate 
measures taken. 


THE THYROID 2 

Structure and Chemical Composition. — The normal adult thyroid 
gland weighs 20-25 g. It consists of many spherical or oval vesicles which 
are lined by a cubical epithelium (Eig. 616, B). The cavity of the vesicles 
is filled with a viscid homogeneous material known as the colloid of the gland ; 
the colloid consists chiefly of an iodine-containing protein called thyroglobulin. 

1 Eliel et al., New Engl. J, Med., 1950, 243, 471, 518. 

2 Salter, The Hormones, N.Y., 1950, 2, 181, 301. Pitt-Rivers, Physiol. Rev., 1950, 30, 
194. Symposium on “ Thyroid function as disclosed by newer methods of study,” Ann. 
N.Y. Acad. 8ci., 1949, 50, 279-508. Pochin, Laneet, 1950, ii, 41, 84. Means, Thyroid 
and its Diseases, Phila., 1937, Harington, Thyroid Gland, London, 1933. 
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The thyroid gland contains on an average 2 mg. of iodine per g. dry weight 
(1 g. dry=4~-5 g. wet weight) ; the weight of iodine found in the gland repre- 
sents 20% of the total body iodine. The iodine of the gland is normally 
found in three main forms in the proportions indicated : inorganic iodide 
(10%) ; (there is no free iodine in the gland) ; diiodotyrosine {fSO %) ; thyroxine 
(30%). Thyroxine is the active principle of the gland and is secreted as such 
into the blood ; diiodotyrosine is its principal precursor in the gland. 

Thyroglobulin contains both thyroxine and diiodotyrosine bound to the 
rest of the protein molecule by the usual peptide ( — CO.NH — ) linkage. 

Thyroglobulin is thus a 



Fio. 616. — Histological Ai)poarance of 
Alveoli of Thyroid under various 
Conditions. (After Means, Thyroid and 
its Diseases.) 

A. Fcctal typo, containing no colloid. 

B. Wormal alveolus lined by a cubical opitholium ; 
it is filled with colloid which contains few 
vacuoles. 


form of thyroxine. The thyroid 
differs from the other ductlek 
glands in storing its active pfihSpK 
in the cavity of a vesicle rather 
than in the secreting cells them- 
selves ; when required, the stored 
(combined) thyroxine is digested 
oif from the thyroglobulin molecule 
by proteases and is secreted, in the 
free form, into the blood.^ 

The size of the thyroid, its 
histological appearance, the amount 
of colloid, and its chemical com- 
position vary widely^ under different 
conditions. The points to be noted 
arc : the size and shape of the 
vesicles ; the height of the 
epithelium ; the total iodine content 
of the colloid ; and the relative 
amounts of the three main iodine- 
containing constituents. 

(i) When the gland is stimulated 
it becomes more vascular, the lining 
cells become more numerous (hyper- 
plasia) and the circumference of the vesicles in cross-section is increased; 
the epithelial cells become taller. It is customary to call such an overactive 
gland a hyperplastic gland. 

(ii) When rapid secretion is taking place, the colloid is digested away and 
becomes first faintly staining and vacuolated and later reduced in amount 
leading to an infolding of the proliferated epithelium (Fig. 616, C). 

(iii) The administration of iodine often produces characteristic changes 
in a hyperplastic gland (whatever the cause) : the amount of colloid is greatly 
increased (i.e. there is increased “ storage ’’) and the epithelium regresses 
to the normal state (Fig. 616, D). 

(iv) In atrophy of the gland the epithelium becomes thinner and the 
vesicles smaller and fewer in number. 

The normal daily iodine intake in the food is of the order of 20-200 ; 

it is, of course, higher if iodine is artificially added to the diet. 

^ But diiodotyrosine is also present in the blood. 

^ 1 )Ltg. = l micrograin= 0-001 milligram. 


c. 


D. 


Hyperplastic alveolus {e.g. of exophthalmic 
j?oltre) ; the lining colls are columnar and 
increased in number ; the colloid has been 
discharged. The wall of the alveolus is infolded. 
Hyperplastic alveolus U.g. as in C) after treat- 
ment with iodine. Tho alveolus has become 
distended with retained colloid ; numerous 
vacuoles are present in tho colloid. 
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Thyroxine Formation and Secretion. — The main processes which take 
place in the thyroid gland are : 

(i) Selective absorption of inorganic iodide from the plasma. 

(ii) Oxidation of the iodide to iodine. 

(iii) Immediate binding of the newly formed iodine with tyrosine to form 
diiodotyrosine. 

(iv) Transformation of diiodotyrosine into thyroxine. 

(v) Secretion of thyroxine (a) into the blood, or (6) into the lumen of 
the vesicles, to be stored in the colloid. 

All these processes doubtless depend on the activity of various enzyme 
systems, none of which have as yet been identified. The secretion of thyroxine 
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Fig. 617. — ^Uptake of Radio-active Iodide by Hypo- 

thyroid, Normal, and Hyperthyroid Glands. (Hamilton, 
Radiology , 1942, 39 , 556.) 

A tracer dose of radio-active iodide was given to human beings. Note 
the negligible iodide uptake by the hypothyroid gland and the 
excessive uptake by the hyperthyroid glands. 

Radio-iodide concentration was detarmined by means of a Geiger counter 
on the neck over the gland. 


is regulated {a) mainly by the thyrotrophic hormone of the anterior pituitary ; 
(6) possibly by the level of blood thyroxine and blood iodide ; (c) to a minor 
degree by the sympathetic nerve supply (p. 982). Most of the stages referred 
to above need more detailed consideration. 

(1) Selective Absorption op Iodide. — This process is well demonstrated 
in experiments in which minute {tracer) doses of radio-active iodine (usually 
1311*) are given in the form of iodide ^ ; the doses administered are comparable 
to the amounts which are normally ingested in the diet. The distribution 
and fate of the labelled iodide can be easily followed. It is rapidly absorbed 
from the intestine and passes into the plasma ; the plasma consequently 
rises initially. The is selectively taken up by the thyroid gland ; e.g. in 
man 20% of the administered ^®^I* may be present in the gland within 
6 hours (Fig. 617, Control). 

A normal thyroid “ collects ” up to 80 times the amount of that 
would be expected were the iodide diffused uniformly throughout the body. 
A hyperplastic gland may collect up to 300 times the amount which would 
1 laij* a half-life of 8 days. 
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be expected from simple diffusion. These data prove that the thyroid cells 
selectively absorb inorganic iodide and retain it in spite of a steep diffusion 
gradient that tends to drive the iodide back into the plasma. It is note- 
worthy, however, that there is an absolute maximum, iodide content of tie 
gland no matter how great are the iodide supplies, i.c, there is a thyroid 
** iodide absorption maximum ” which cannot be exceeded. 

In man the radio-active I content of the thyroid gland can be deterniined 
by means of a Geiger counter placed on the neck, over the gland. On 
administering tracer doses of the iodide uptake of the gland is found to 

be negligibly small in myxeedema 
but markedly enhanced in hyper- 
thyroidism (Fig. 617). 

As is shown below the 
is later incorporated first into 
diiodotyrosine and then into 
thyroxine. 

The thyroid gland is the 
only organ in the body which 
can selectively absorb inorganic 
iodide from the plasma. This 
process is paralysed by thio- 
cyanates (cf. phloridzin which 
paralyses the reabsorption of 
glucose in the renal tubule). 
After administration of KCN8 
the inorganic iodide content of 
the gland is low and is only 
increased when the blood iodide 
is markedly raised by giving 
large amounts of KI. 

Before the thyroid iodide 
can become organically bound 
it must be first converted by 
oxidative enzyme systems into 
free iodine, 

(2) Formation of Diiodotyrosine and Thyroxine.— Tracer experi- 
ments show that the iodide taken up by the gland, immediately after its 
oxidation to iodine, is first bound with tyrosine to form diiodotyrosine. 

ho/~\ch2.chnh2.cooh+2P->ho^_Vh2.chnh2.oooh 

Tyrosine Biiodotyrosino 


NORMAL 


AFTER 

HYPOPHYSECTOMV 



DIIODOTYROSINE J 


INORGANIC I 


THYROXINE 
-J I 
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Fig. 618.— Iodine Metabolism in Normal Thyroid 
and after Hypophysectomy. (Peaiiman 
et aU Endocrin, 1942, 80, 497.) 

l*r=radlo-activG iodine (i3ii*). Experiments in rats 
followinf? administration of (as iodide). 

Left-hand Figure.— Nomai rat', distribution of 

among inorganic iodide, diiodotyrosine and thyroxine 
fractions in tiiyroid gland. Note dcclino of diiodo- 
tyrosine and progressive increase in thyroxine 
concentrations as the former is transformed into 
the latter. 

Riglut-hand Figuro.—Hj/pop/ij/scciomizcd rot : Note 
Initial increase in diiodotyrosine, but there Is no 
subsequent decline as no thyrovim is formed. 


The diiodotyrosine concentration in the gland then progressively falls 
and the thyroxine concentration gradually rises as the former is transformed 
into the latter compound (Fig. 618). The formation of thyroxine may 
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result from the condensation of two molecules of diiodotjrosine with the 
removal of alanine thus : 


HO^_^CH*CHNHjj.COOH+H 
I* ' 


I* ^ 

0— ^ ^CHgCHNHj.COOH-> 


I*_ P_ 

0— ^ NcH8.CHNH2.COOH+0H3.CHNHa.COOH 

JS(!~ p~ 

Thyrozine (para-hydroxy-phenyl Alanine 

ether of tyrosine plus 4 I atoms) 

It is presumed that diiodotyrosine and thyroxine formation occurs in 
the epithelial cells of the gland. 

(3) R6le of the Anterior Pituitary. — ^After hypophysectomy (in rats) 
thyroxine metabolism is disordered. Inorganic ioide is taken up by the 
gland from the plasma more slowly and to a smaller extent ; dnodotyrosine 
is, however, formed normally. The essential disturbance is the almost 
complete arrest of the normal transformation of diiodotyrosine into thyroxine. 
Only minimal amounts of thyroxine are formed and secreted into the blood.^ 
The anterior pituitary (through its thyrotrophic hormone) has two main 
actions : (i) it activates the einzyme systems responsible for the conversion 
of diiodotyrosine into thyroxine ; (ii) it stimulates the secretion of thyroxine 
(Fig. 618). 

(4) Action of Thio-Compounds. — ^Many organic thio-compounds contain- 
ing the chemical group — N.CS.N — {e.g, thiouiacil) interfere with thyroxine 
formation in the gland. The absorption of inorganic iodide by the gland takes 
place normally but it is not converted into dnodotyrosine or thyroxine (cf. 
p. 996). These thio-compounds thus block the binding of iodine by tyrosine.^ 

(5) Action of Inorganic Iodide Level.— Using thyroid slices, it is 
found that if the level of inorganic iodide in the medium is raised to 10-15 
Aig./lOO c.c. (normal serum level is 3 ^wg.), synthesis of both diiodotyrosine 
and thyroxine is depressed. 

(6) Formation of Thyroxine outside the Thyroid Gland. — Thyroxine 
can be formed in small amounts in the general tissues of the body. The 
evidence is as follows : 

(i) Radio-active iodide is administered to completely thyroidectomized 
animals ; it is subsequently found in the bound form in diiodotyrosine and 
in thyroxine, both in the tissues and in the plasma. The basal metabolic 
rate is raised because of the specific activity of the newly formed thyroxine. 
It is claimed that thyroxine synthesis can even occur in the hypophysectom- 
ized, thyroidless animal. 

Although these observations on the thyroidless animal are true, the 
thyroid stiU remains the only significant site of thyroxine formation, probably 

^ As explained on p. 931, in clinical severe hypopitnitarism, some tLyroid secretion 
continues. 

® A sharp distinction should be drawn between the organic thio-compounds like 
thiouracil and inorganic thio-compounds like KCNS, which is discussed above (p. 974). 
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for two reasons : (a) it has a uniquely high iodide content wljicli favours 
thyroxine formation ; (b) it may also contain an o[)tinial concentration of 
the various enzymes which catalyze thyroxine formation. 

(ii) Thyroxine can be synthesized in vitro witli sur])risin‘ 2 ; case : (a) If 
diiodotyrosine-poptone is incubated with pc})sm, it is built up into a protein 
containing thyroxine ; (6) If serum proteins or ca,sein are incubated with 
iodine (in unphysiologically high concentrations, in an alkaline medium and 
at a high temperature), thyroxine appears (presumably derived from the 
tyrosine content of the protein) ; the ultimate product may be more active 
than thyroglobulin. It must be remembered, however, that the thyroid 
gland forms thyroxine under 'physiological conditions of iodine concentration, 

and temperature. 

When dried thyroid is administered by mouth its physiological activity is 
greater than that produced by administering its thyroxine content alone. 
It seems probable that the diiodotyroainc (in protein combination) of the 
dried gland material (representing about 60% of the total iodine content) 
is transformed somewhere in the body into thyroxine. (Pure (i.e, uncombined) 
diiodotyrosine given by mouth is inert.) 

Cyclic Activity of the Thykoii). — The different thyroid vesicles are 
not all in the same phase of activity at any one motnent. They may be 
carrying out one or two of the following three processes : (i) forming and 
secreting thyroxine into the blood; (ii) storing thyroxine in the colloid; 
(hi) mobilizing thyroxine from the colloid store for secretion into the blood. 

Blood Iodine. — Iodine is found in the blood mainly in two forms : 

(1) As inorganic iodide (so-called filtrahle iodide). On a normal iodine 

intake the inorganic iodide in })lasma and corpuscles is less than 1 yg-% 
(mean, 0-5 //g,). Its concentration bears no relationship to the level of 
activity of the gland but it immediately rcllccts changes in iodine intake. 
Thus the ingestion of 15 grains (=1 g.) of KI raised the scrum inorganic iodide, 
4 hours later, to 2300 (—2*3 mg-%) ; this is the level that one expects 

to find if the ingested iodide is uniformly diffused throughout the body 
water (==50L). After 50 hours the serum inorganic iodicle had fallen to 
46 fig-% owing to steady excretion of iodide in the urine. 

(2) As hormone iodine {i.e. thyroxine and also diiodotyrosine) present 

in the plasma only, and loosely bound with the serum albumin ; this iodine 
is precipitated out with the serum proteins. It is, therefore, also called 
precipitable or protein-hound iodine. The Jiormal range of hormone iodine 
is 4-8 The serum hormone iodine level is a reliable index of thyroid 

secretory activity. 

(i) In myxeedema its level is 0*2-2*5 (mean 1*3) and is restored to 

normal by thyroid treatment. 

(ii) After total thyroidectomy in man tl)e level falls to about zero, indicat- 
ing that hormone formation outside the thyroid gland in man is negligible. 

(hi) In hyperthyroidism the average serum hormone iodine is 14 fig-% 
and values as high as 30 //g~-% have been recorded (Pig. 628). 

(iv) Partial thyroidectomy reduces these high values to normal (or sub- 
normal) depending on the amount of gland excised. Iodine therapy which 
reduces thyroid secretion in Graves’ disease, likewise lowers the hormone 
iodine level (though it raises the filtrahle, i.e. the inorganic iodide level). 

Actions of Thyroxine. — (1) Gbneeal Metabolism. — The outstanding 
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action of tliyroxme is to stimulate metabolism in the tissues generally, in- 
creasing oxygen consumption, presumably by catalyzing the enzyme systems 
which are responsible for oxidation processes. The exact way in ^ which 
thyroxine produces its effect is unknown except for the fact that it acts 
directly on the tissues. Thyroxine also promotes the growth and development 
of the organs generally ; this latter action is best demonstrated in the young 
thyroidectomized animal (cf. cretinism, p. 986). 

(i) Action in Myxcedema. — The effect on metabolism is most simply 
studied in the hypothyroid patient. In one case of myxcedema, the basal 
metabolic rate was 30% below normal (i.e. the B.M.R. was —30) ; 16 mg. 
of thyroxine were given by mouth in one dose. The B.M.E. (i.e, oxygen 
consumption, energy output) rose gradually to normal and then slowly 
fell to its original level which was reached at the end of six weeks. During 
this period the extra energy output due to the administered thyroxine was 
16,000 Cal. ; each mg. of thyroxine thus increased metabolism by an amount 
equivalent to the oxidation of 250 g. of glucose {i,e, 1000 Cal.). About 1 mg. 
of thyroxine daily (=3 grains of dry thyroid), restores the B.M.R. in a severe 
case of myxcedema to normal ; this result is an indication of the normal rate 
of secretion of the hormone. 

Thyroxine has a long period of latency ; even after the intravenous 
injection of pure thyroxine in man 48 hours may elapse before there is a 
detectable effect. If one large dose of thyroxine is given there is considerable 
loss by excretion in the bile, and results are obtained more economically 
with small repeated doses. 

It is customary clinically to treat hypothyroid patients by means of dried 
thyroid given by mouth. This preparation is more active than would be 
expected from its thyroxine content because (as mentioned on p. 976) some 
of its contained diiodotyrosine is also converted in the body into thyroxine. 
The digestive juices do not inactivate the thyroid active principles (all the 
other body hormones, however, are less effective by mouth than by sub- 
cutaneous or other parenteral routes). 

Recently synthetic L-thyroxine sodium has been prepared sufficiently 
cheaply to enable it to compete in price with thyroid extract. It has been 
used successfully in a series of cases of myxcedema (the daily oral maintenance 
dose was 0-15-0-3 mg.).^ This preparation has the advantage over thyroid 
extract that it does not need biological or chemical standardization. 

(h) Action in Normal Subjects. — ^If thyroxine or dried thyroid is given 
to normal subjects in doses which cure myxcedema, the B.M.R. rises much 
less than would be expected from the results observed in myxcedema ; in 
some cases the rise of B.M.R. produced in the normal subject may be negligible 
and there is no increase in the serum hormone iodine level. The explanation 
of the discrepancy may be : (a) that there is a corresponding compensator 
decrease of thyroxine secretion by the normal gland j (b) that the thyroid 
takes up the excess thyroxine from the blood and destroys or stores it. 

If dried thyroid is given in very large doses, e.g. 10 grains daily (the 
therapeutic dose in severe myxcedema is 3 grains daily), the serum hormone 
iodine level rises and many of the characteristic signs of hyperthyroidisrn 
develop, e.g. rise of B.M.R., loss of weight, fall of serum cholesterol level, and 
rapid heart rate (Fig. 619). Exophthalmos is, however, never produced ; 

^ Hart and McLagan, Brit. J 1950, i, 612. 
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WEEKS 

Fig. 619. — Effects of Administration of Excessive Doses 
of Thyroid in Normal Person. (Biggs et ai,, «/. din. 
Investig., 1945, 24, 723.) 

llecords from above downwards aro; 

Serum cholesterol in mg/lOO cc. 

Body weight in lbs, 

BMll as per cent, above or below normal. 

Serum precipitable (hormone) iodine in |Ag-%. 

Serum tiltrable iodine in ixg~%. 

Bose of thyroid administered in grains pot day. 

The subject was a woman with schizophrenia but otherwise eu- 
thyroid.” Note, however, that during the control period the 
B.M.E. fluctuated between —10 and —25. 

The dose of thyroid was increased at intervals of 4 weeks from 3 to 
6, 10, 15, 20, and finally 25 grains per day. The highest dose 
was maintained for 8 weeks and then abruptly discontinued. 

Note the progressive return of the various values to normal. 



REGULATION OF THYROID SECRETION 


979 


NERVE IMPULSES 



HYPOTHALAMUS 


this point is important in relation to the causation of exophthalmos in Graves’ 
disease. 

(2) Special Metabolism. — Thyroxine promotes ^ the absorption of 
glucose from the small intestine (p. 836) ; in the liver it stimulates tbe con- 
version of glycogen iuto glucose and promotes glucose formation from non- 
carbohydrate sources. For all these reasons thyroxine produces a transient 
rise of blood sugar and glycosuria {thyroid diabetes). Large doses of thyroxine 
may produce lastiag damage to the islets of Langerhans leading to persistent 
hyperglycipmia and glycosuria 
{metathyroid diabetes (p.918)). 

(3) Heart. — Thyroxine 
accelerates the normal and the 
denervated heart ; it thus has a 
direct peripheral action on the 
heart. Under natural conditions 
part of the accelerator action of 
thyroxine is secondary to the 
raised metabolism. 

(4) Bone. — Thyroxine modi- 
fies the metabolism of calcium. 

It causes removal of calcium 
(together with phosphate) from 
the bones, leading to their rare- 
faction (osteoporosis). Unlike 
parathormone it does not raise 
the serum calcium, and increased 
Ca loss occurs in the faeces as 
weU as in the urine (cf. p. 1003). 

The effect is not due to the 
increase in metabolic rate, 
because no such changes take 
place when, for example, the 
metabohsm is increased by fever. 

Similar changes in the bones 
are observed in Graves’ disease 
(p. 991). The mode of action of 
thyroxine on calcium metabol- 



Fig. 620.— Eegulation of Thyroid Secretion. 
(After Means and Sosldn.) 

A.P., anterior pituitary. 

T.S.H., thyroid stimulating hormone (fchyxotrophm). 
T.I.P., hypothetical thyroid inhibiting hormone. 

Th., blood thyroxine. 

I 2 , blood iodine level. 


ism is unknown ; it is, however, antagonized by administration of vitamin-R. 

(5) Kidney.— The action of thyroxine on the flow of urine, especially 
in diabetes insipidus, is discussed on p. 51. It probably also regulates the 
distribution of fluid in the body ; thus in myxoedema there is excessive 
fluid retention in the extracellular spaces (p. 983). _ 

(6) Beeast. — Thyroid may promote the secretion of milk (p. .1094). 

Regulation of Thyroid Secretion. (Kg. 620).— The main regulator 

of thyroid secretion is the anterior fituitary via its thyro^ophic normone 
(TSH, thyroid-stmuLating hormone, thyrotrofUn). The release of thyro- 
trophin is determined mainly by the level of blood %ro®*n6 actmg directly 
on the pituitary, and possibly also by various mechanisms winch act reftexly 
via the hypothalamus. Other factors which influenoed thyroid seCTetion are : 
(i) the level of JloodtodMfe; (ii) variations in exterool Jmyertrtwre ; (m) possibly 
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the sympathetic nerve supply to the gland. Some workers claim that the 
anterior pituitary may sometimes secrete a iihyi\nd4nldbitm^ liormone. 

(i) Role of Anterior Pituitary. Thyrotrophin — (i) Results op 
Hypopituitahism — Hypophyscctomy leads to tliyroid atrophy ; the thyroid 
is restored to normal by pituitary grafts. Similarly, considerable thyroid 
atrophy occurs in the classical clinical condition of general anterior pituitary 
failure known as Simmonds’ disease ; in this condition, however, the gland 
continues to secrete at a low steady rate. The B.M.R. falls to —25 compared 
with —40 after complete thyroidectomy (p. 931). 

(ii) Thyrotrophin has been isolated from the anterior pituitary in a 
highly active form ; it is a glycoprotein. It is thought to be secreted by the 
basophil cells of the gland ; in conditions associated with excess thyrotrophin 
secretion the basophils increase in number and the eosinophils almost disappear. 
Injection of thyrotrophin produces characteristic thyroid hyperplasia {ix. 
increased vascularity, increased height of the epithelium, cellular proliferation, 
decreased colloid content of the vesicles), increased secretion of thyroxine, and 
increased metabolic rate. The histological appearance resembles that of the 
gland in Graves’ disease. 

(hi) Fate of Thyrotrophin. — The hormone combines specifically with 
thyroid tissue and is secondarily inactivated by it. It is more rapidly removed 
from the blood by a hyperplastic thyroid ; for this reason the concentration 
of thyrotrophin in the blood (or its rate of excretion in the urine) is not 
necessarily a reliable guide to its rate of formation. The only other tissues 
which can inactivate thyrotrophin are the thymus, the lymph glands, and 
possibly the extraocular structures. 

(iv) Control op Thyrotrophin Secretion. — The control is partly 
nervous via the hypothalamus and partly determined directly by the level of 
blood thyroxine. 

(а) Nervous Control- — There is good evidence that stimulation of the 
hypothalamus causes the release of several of the anterior pituitary hormones 
(p. 931). It is possible that the hypothalamus also causes secretion of thyro- 
trophin. It is believed by some that emotional tension causing hypothalamic 
overactivity leads to oversecretion of thyrotrophin and the development of 
Graves’ disease. 

(б) Role of Blood Thyroxine- — The secretion of pituitary thyrotrophin is 
regulated by the level of blood thyroxine ; thus it is stimulated by a low 
blood thyroxine and inhibited by a raised blood thyroxine level. Normally 
the activity of the pituitary and thyroid arc finely integrated to maintain an 
appropriate blood thyroxine level with its resulting ellects on the activities 
of the general tissues of the body. 

In any condition in which the blood thyroxine level is kept abnormally 
low because of reduced thyroxine secretion or because of increased thyroxine 
utilization, there is increased secretion of pituitary thyrotrophin and conse- 
quently thyroid hyperplasia {if thyroid tissue is present and is responsive). 
Such induced thyroid hyperplasia always regresses after liypophysectomy. 

Thyroxine decreases the oxygen consumption of thyroid slices though it 
increases the oxygen consumption of all the other tissues ; excess blood 
thyroxine may thus also directly depress thyroid secretion, A fall of blood 
thyroxine produces the reverse effects. 

(v) Thyroid Hyperplasia Indhoed via Thyrotrophin by Low Blood 
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Thykoxinb Level. — Hyperplasia caused in tliis way may occur in the 
following conditions : 

(a) Iodine insufficiency in the diet (p. 986). 

(b) Poisoning with organic thio-com'pounds (e.g, thiouracil) and similarly 
acting substances, which inhibit the iodination of tyrosine in the thyroid 
and so prevent thyroxine formation. The thyroid undergoes progressive 
enlargement, e.g. from 5 to 25 mg. per 100 g. of body weight and shows 
characteristic hyperplasia. The thyroid decreases in size after hypophy- 
sectomy (p. 989). 

(c) Poisoning with KCNS (thiocyanate) which interferes with iodme 
uptake by the gland and therefore with thyroxine formation. In a clinical 
case of this condition the thyroid was enlarged and hyperplastic owing to the 
compensatory pituitary overactivity ; there were (as would be expected) 
clinical signs of hypothyroidism {e.g, B.M.R. of —18 ) ; the serum hormone 
iodine level was depressed (to 2*1 jug-%)- On admimstering thyroxine the 
blood thyroxine (and B.M.R.) rose and the thyroid became smaller.^ 

(d) Partial thyroidectomy results in decreased thyroxine formation with 
consequently increased secretion of thyrotrophic factor ; the remaining 
portion of the thyroid enlarges and shows hyperplasia, and its coUoid and 
iodine content are reduced as thyroxine secretion is stimulated. After 
complete removal of the thyroid (and in severe myxoedema) the blood and 
urine levels of thyrotrophin are increased (but of course there is no thyroid 
tissue for thyrotrophin to act upon). 

(e) The thyroid commonly enlarges during adolescence, in the latter 
part of the menstrual cycle and during pregnancy. The enlargement 
may be secondary to increased thyroxine utilization by the reproductive 
organs. 

(vi) Action of Thyrotrophin on Extraocular Tissues.— In many 
species anterior pituitary extracts produce exophthalmos. In experiments on 
fish the exophthalmos is due to a great (fivefold) increase in the amoimt of 
fiuid m the retrobulbar space. As the ocular changes also develop in the 
thyroidless animal they are not mediated by th^oxine. It is suggested that 
the extracts have a direct action on the orbital tissues causing (in some 
unexplained way) more extracellular fiuid to be formed than can be 
removed by absorption ; there is swelling not only of the retrobulbar tissue 
but also of the extraocular muscles and the conjunctiva. 

It is generally supposed that the pituitary hormone (thyrotrophin) 
which stimulates the thyroid is identical with the substance which produces 
this experimental exophthalmos. 

There is great uncertainty about the action of thyrotrophin on the eye 
structures in man. The possible relation of thyrotrophin to the eye changes 
in Graves’ disease is considered on p. 993. 

(vii) It has been suggested that the anterior pituitary may under some 
circumstances secrete a thysoidi-inhibiting factor. Th^oid was administered 
to rats ; injection of extracts of their anterior pituitaries into guinea-pigs 
reduced the size of the thyroid, the epithelium became lower, the vesicles 
were distended with colloid and the B.M.R. was reduced. (In control experi- 
ments, extracts of normal rat anterior pituitary produced characteristic 

typCTpksiaO Blood Inorganic Iodide— The level of blood 
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inorganic iodide depends on the iodine intake and its rate of utilization and 
excretion. 

(i) An adequate iodine intake is necessiuy for normal thyroxine formation. 

(ii) Iodine deficiency depresses thyroxine formation and leads to thyroid 
hyperplasia combined with hypothyroidism (p. 987). 

(iii) Administration of excess iodine has no effect on tlic normal gland. 

(iv) In most states of thyroid hyperplasia, however, iodine treatment 
leads to characteristic changes : there is increased accumulation of a colloid 
which is rich in iodine ; the hyperplasia regresses, e,y. the licight of the 
epithelium is reduced, and less thyroxine is discharged into the circulation. 
Thus a high blood-iodide level favours colloid storaye rather than hormone 
discharge ; in fact it impedes hormone secretion. In Graves’ disease, iodine 
medication reduces thyroxine secretion and so improves the clinical state; 
the vesicles which were previously empty, become filled with colloid. Similarly 
the initial effect of administering small doses of iodine in cases of iodine- 
deficiency goitre is to cause colloid accumulation and couseipiontly, further 
enlargement of the goitre (p. 987). 

The way in which a raised blood inorganic iodide level produces its effects 
in hyperplasic states is unknown. 

(3) Role of Sympathetic Nerves. — The influence of the sympathetic 
on thyroid secretion is probably unimportant. No changes in the structure 
of the gland or in the B.M.R. follow denervation of the thyroid. It is claimed, 
however, that sympathetic nerve stimulation decreases the thyroid iodine 
content and increases the blood iodine concentration. 

( 4 ) Role of Body Temperature. — The rate of thyroid secretion is 
affected by environmental temperature ; a fall of external temperature 
increases the secretion. Thus in the rat, if the rate of thyroid secretion at 
35® C. is taken as unity, the rate increases to 3*0 when the external tempera- 
ture is lowered to 25® C, and to 5-5 when it is lowered to 1° C. The extra 
thyroxine which is released stimulates the metabolic rate, increases heat 
production and so helps to maintain body temperature. Characteristic signs 
of thyroid hyperplasia develop in cold environments. 

Valuable information about the physiology of the thyroid gland in man 
is obtained from a study of clinical cases of thyroid deficiency (myxoedema 
in adults and cretinism in children) and of thyroid excess (hyperthyroidism, 
Graves’ disease). 

Thyroid Deficiency in Man. — 1. Myxoedema. — In man, total extirpa- 
tion of the thyroid gland in adult subjects {e,g. for malignant growth) produces 
post-operative myxoedema ; a similar result may follow excessive removal of 
thyroid tissue in patients with Graves’ disease (cf. Fig. 623). The symptoms 
set in within a few weeks or months after the operation. An identical clinical 
condition of myxoedema occurs spontaneously in adxilts — especially in women— 
from atrophy of the thyroid gland (Fig, 621). Minor forms of this disease 
are common ; the gland is usually small, the vesicles are few and contain 
little colloid. 

The chief symptoms can be readily understood if it is remembered that 
owing to lack of thyroxine many of the activities of the body are depressed. 

(i) There is a diminution of mental activity, loss of memory, and slowness 
of thought, speech, and movement ; there is considerable muscular wea!toess. 

(ii) The skin becomes dry and coarse ; the cheeks are parchment-like in 
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appearance, and there is a slight malar flush. The hair is coarse and ten ds to 
fall out of the head and the outer thirds of the eyebrows. The subcutaneous 
tissues are infiltrated with excess fl.uid containing a muco-protein giving a 
puffy appearance to the body. The capillaries in myxoedema are said to be 
excessively permeable to proteins. The oedema is characteristically firm 
and solid.’’ ^ 


(iii) The sexual functions are disturbed ; amenorrhcea commonly develops 
in women.^ 



Fig. 621. — ^Treatment of Myxoedema with Thyroid. (Harington, The Thyroid Oflamd, 
Oxford University Press, 1933.) 

A. Patient, aged 65, bedridden and imbecile from myxoedema of twenty years’ standing. 

B. Same patient after fifteen months’ treatment with thyroid. The regro\^ of h^ is a striking feature. 

The health was normal, and she was happy and mentally alert. She died at the age of 94 .after 
twenty-nine years of vigorous life under treatment. (Eaven’s case. 

(iv) The basal metabolic rate (B.M.R.), t.e. the energy output of the 
individual at complete rest 12-18 hours after a meal (p. 377), is diminished 
to 30 or even 45% below normal (B.M.B. is —30 or —45) ; in other words, 
the rate of oxidation in the tissues is greatly diminished. The pulmonary 
ventilation, the oxygen consumption, the COg output, the nitrogenous excre- 
tion in the urine are all diminished, because the general metabolic activities 
are depressed. As the tissues need less oxygen, the output of the heart is 
reduced, e.g. to 2*5 litres per minute. This is due in part to a decrease in the 

1 In monkeys, thyroidectomy results in amenorrhcea ; the menstrual periods are 
restored by thyroid treatment. 
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heart rate and in part to a dimimition of the output per beat. As heat pro- 
duction is decreased the body teniperatiire may l)e subnorma (p. 474); 
the patients show increased sensitivity to cold and rea,ct less well than normal 

subjects to a cold environment. . i r i m 

(v) Body weight increases beca.iise oi: decreased metabolism and the 

extensive oedoma in the skin and internal organs. 

(vi) Certain blood changes occur regularly m myxenc ema (lUg. 623). 

{a) The serum cholesterol is increased from the iijiper limit ot the normal of 



l^G. 622, — Heart Changes in Human Myxoodema. K (Tecta of Thyroid Therapy. 
(Master and Strieker, Ann. int. Med.^ 1941, 15, 1*^4.) 

v^togoartK U Blight iBft ftxiB deviation. The heart rate ia inereaaed. 


300 m£;-% to, for example, 400 or even 700 I’li® Wood fatty acids and 

phosphatidos follow the serum cholesterol level, t.c. there is a pneral hptemia. 
The changes in serum cholesterol arc well correlated with the climoal state 
and with the level of the B.M.R. It is believed that a serum cholesterol 
level below 275 mg-% excludes a diagnosis of myxoedema. 

(b) The plasma protein level tends to be raised. 

(c) The serum hormone iotlme (precipitable iodine) is diinimshea (p. 9j0). 

(d) Ancemia commonly occurs ; it may be due to iron deficiency or other 
causes, but sometimes it is the specific effect of lack of thyroid secretion 
leading to depressed activity of the bone marrow. In such cases the ansemia 
is relieved only by thyroid treatment (p. 194). 
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(vii) Tile changes in the heart are typical {myxcedema heart). The heart 
is enlarged in its transverse diameter, is flabby, and contracts sluggishly. 
The ventricular waves (QRST) in the electrocardiogram are of low voltage. 
The cardiac output (as stated) is decreased. It is suggested that the heart’s 
function is disturbed by oedema of the muscle fibres (Fig. 622). 



Fio. 623. — Changes in Blood and Metabolism in Post- 
operative Myxoedema. Results of Thyroid Therapy. 
(After Gildea et al,, J. din. Investig., 1939, 18, 747.) 


Ordinates from above downwards : 

Serum cholesterol in mg. per 100 cc. 

Plasma protein in g-%. 

Basal metabolic rate as per cent, above or below normal. 
0= normal. 

The patient was first seen on October 29, 1935, with signs of hyper- 
thyroidism : serum cholesterol 160 mg-% ; +40. 

At first arrow (November 17, 1935) partial thyroidectomy was per- 
formed which was followed by post-operative myxcedenva. 

Note : (i) Eise in serum cholesterol (to 600 mg-%.). (ii) Eise in 
plasma proteins (to 8*2%). (iii) Fall in B.M.R. (to —30). (iv) 
Body weight rose and oedema developed. 

Thyroid treatment was begun on January 9, 1936, IJ grains daily 
to February 13, and 1 grain daily subsequently. 

Note : (i) Fall in serum cholesterol to about 300 mg-%. (ii) Fall in 
plasma protein to about 7% . (iii) Irregularly maintained increase 
in B.M.R. 

On July 14, 1938, thyroid treatment was stopped. 

Note : The characteristic blood and B JI.E. changes of myxoedema 
returned. 

On August 25, 1938, thyroid treatment resumed. 

Note : Signs of myxoedema cleared up. 
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All the symptoms of myxoedema can be abolished by the prolonged 
administration of thyroid extract or thyroxine. (Fig. 623 and its legend 

should be carefully studied.) . , . i i 

2 Cretinism.— In this condition there is congenital absence or mal- 
deveiopment of the thyroid gland from causes which are not definitely known. 
Smptoms do not appear till the age of six months, possibly owing to the 
^ presence of suihcient thyroid substance 

in the mother’s milk. The symptoms 
are as follows : 

(i) The various milestones in the 
course of the child’s development- 
holding the head up, sitting up, 
walking, speech — are reached much 
later than normal Mental develop- 
ment may be very backward, and the 
child may be a complete idiot. There 
arc anatomical changes in the central 
nervous system : nerve cells and 
fibres fail to appear or to mature; 
nerve tracts myelinate late or not 
at all. 

(ii) Bony growth is retarded ; the 
skeleton is small and stunted (Fig. 624). 

(hi) The secondary sex characters 
do not develop. 

(iv) The skin, is thickened; the 
tongue is enlarged and protrudes from 
the mouth ; deposits of fat appear, 
especially above the clavicles. 

(v) The serum cholesterol rises (as 
in myxoedema, and is of similar 
diagnostic significance), 

(vi) Creatine excretion in the urine 
is .less in cretins than in normal 
children. The normal output on a 
meat-free diet (containing 2 g. of 
protein per kg. body weight) is 0-6-7-8 
mg. daily ; in cretins it falls to 0-3'8mg. 

Owing°to of proper development of 

occur in the cretinous child, just as all bodily activities are depressed in the 

^'^'considerable improvement can be obtained in cretins by means of thyroi^i 
therapy ; if treatment is begun very early in life the 

a perfectly normal adult, but if treatment is delayed, less satisfactory develop 

Ttient is obtained, particularly on the mental side. ..,.m 

3 . Simple Goitre (Iopine-Depicibnov Thyboip HYPBEi>iASiA).^ln 

V British Medical Besearch Committee Memorandum No. 18, TVoid Erilargemrd 
and other Changes rdated to Mineral Content of Drinking Water, 1948. 



Fig. 624.-— Cretin, aged 28, before treat 
ment. Height, 34i in. Murray’s case, 
June 1896. (Swale Vincent, Iniern^ 
Seerdion and Ductless Glands, E. 
Arnold & Co.) 
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this condition there is enlargement of the thjnroid, associated paradoxically 
with signs of A^/pothyroidism. A survey of the distribution of the disease 
in different parts of the world shows that it is related to a relative or absolute 
deficiency of iodine in the water supply in relation to bodily needs. The 
normal iodine intake is 20-200 yg, daily. [Other environmental factors may 
also be involved, e.g, the presence in the diet of toxic agents called goitrogens 
i,e. substances that interfere with thyroxine synthesis in the thyroid, as 
explained on p. 988]. Simple goitre can be produced experimentally in 
animals on an iodine deficient diet (Figs. 625, 626). 

The thyroid changes in simple goitre are produced as follows : because 
of the lack of dietary iodine or the toxic action of the goitrogens, thyroxine 


PA r 



Tig. 625. — Experimental Production of Simple 
Goitres (Hyperplastic and Colloid) in Dogs. 
(Mellanby, NtUrUion and Disease, 1934.) 

A — Normal thyroid gland of dog. Weight 1 g. 

B — Hyperplastic gland. Weight 100 g. resulting from 
iodine-deficient diet for years. 

C— Colloid goitre. Weight 178 g. Iodine-deficient diet 
for 10 months, followed by 15 /mg. of iodine daily for 
8 months (1 /xg. = 0*001 mg.). 


formation is depressed. The anterior pituitary is stimulated to secrete 
excess thyrotrophin (p. 980) ; thyroid hyperplasia results, with the typical 
increase in thyroid weight, decrease in the amount of colloid in the vesicles 
and an increase in the height of the lining epithelial cells (Fig. 626, B). In this 
stage of hyperplasia the iodine content of the colloid of the human thyroid 
in simple goitre may be as low as 0*3 mg. per g. of dry thyroid (normal 
value is over 2 mg.) ; of the iodine present only a trace is in the form of 
thyroxine. 

Sometimes the thyroid in a clinical case of simple goitre consists of vesicles 
which are not collapsed, but, on the contrary, enormously distended with 
colloid— colloid goitre ; secondary degeneration may occur in such a gland, 
giving rise to cysts. Colloid goitres can also be produced experunentally ; 
the procedure is first to produce a hyperplastic gland by means of severe 
iodine deprivation and then to add minute and quite inadequate amounts of 
iodine to the iet. In the experiment shown in Fig. 625, C a hyperplastic 
goitre was converted into a colloid goitre (with further increase in size from 
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100 to 178 g.) by adding 15 jiig. of iodine daily to tlio diet (1 /tg,r=:0-001 mg.). 
The amount of iodine administered was thus suflicient to produce colloid 
storage without restoring the gland to normal. Had 100 //g. of iodine been 
administered daily the gland xvould have become smaller and finally returned 
to normal. 

Simple goitre can be prevented in most cases by remedying the iodine 
deficiency. In Switzerland since 1922 iodized salt lias been available con- 
taining 1 in 200,000 iodine ; no mother taking siicb salt during the last 
five months of pregnancy has given birth to a child with a goitre. In this 
connection it should be remembered that milk, mea,t, bread, cabbage, and 
vegetable oils contain no iodine ; the daily consumption of sea fish (2 oz.) 


A 


B 



Fra. 626. — Relation of Iodine Content of Riot to 
Thyroid Structure fin Rog). (Mellanby, Nutri- 
tion and Diaea$et 1934.) 

A — Thyroid on a diet containing ood-llvor oil (containing 
Iodine) — normal structure, 

B — Thyroid on the same diet, except that the oil was pea-nut 
oil (contains no Iodine)— marked hyperplasia. 


and cod-liver oil (3 drms.), which are rich in iodine, forms an adequate 
prophylactic during pregnancy.^ 

The minimum iodine intake needed to prevent goitre probably varies with 
circumstances. In some conditions the bodily needs for food iodine may 
increase ; unless additional amounts of iodine are then, sujipliod, goitre may 
develop. Among such predisposing factors to simple goitre production are 
puberty, pregnancy, and certain infections. One mg. of I daily is sufficient 
to provide for all contingencies. 

Chemically Induced Thyroid Hyperplasia and Hypothyroidism.-^ 
As already indicated the combination of hypothyroidism and thyroid 
hyperplasia, which is characteristic of simple goitre, can be induced experi- 

1 After 1951 all salt in Britain is to bo “ fortified ” with KI or Nal in an amount 
equivalent to 15-30 parts of iodine per million parts of salt. 
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mentally by many agents administered in tbe diet (even when tbe iodine intake 
is adequate). Among tbe more important are certain organic sulphur- 
containing compounds (especially thiouracil)^ aniline derivatives (including 
the sulphonamides and amino-benzoic acid) and some plants of the Brassica 
family (e.g. rape seed). These goitrogens induce hypothyroidism by interfering 
with thyroxine synthesis in the gland. They have no peripheral neutralizing 
action on thyroxine so that their systemic effects on the animal as a whole 
are abolished by the coincident administration of thyroid hormone. The 
thyroid hyperplasia is due to excess thyrotrophin secretion (p. 980). 



Fig. 627. — Structure and Radio-autograph of Thyroid in Normal and in Graves’ Disease. 
(Hamilton, Radiology, 1942, 557.) 

A. Normal thyroid. Left = Photomicrograph ; Rights corresponding radio-autograph. Note that the 

presence of radio-active iodine in gland produces areas of darkening, thus demonstrating the dis- 
tribution of thyroid hormone. 

B. Hyperplastic thyroid. Left = Some of the large vesicles are filled with colloid, others are empty. 

Right == Radio-autograph shows that most of the radio-active iodine is in the former vesicles. 


Hyperthyroidism (Graves' Disease, Exophthalmic Goitre). — In this 
disease there is excessive activity of the thyroid gland. The gland is usually 
only moderately enlarged ; the vesicles vary in appearance, some are collapsed 
(Fig. 616, C), others are enlarged, and their epithelium is thrown into folds. 
Some of the large alveoli are empty of colloid, while others are filled with 
colloid rich in iodine (Fig. 627). The average iodine content of the colloid is 
very low, about 0-26 mg. per g. of dry thyroid (normal 2 mg.) ; the concentra- 
tions in the thyroid of aU the three iodine fractions is reduced, the thyroxine 
being especially affected as it is being rapidly secreted into the blood. The 
plasma hormone iodine level is markedly increased and is probably the most 
reliable index of the degree of overactivity of the gland (Fig. 628). 
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It is interesting to note that in Graves’ disease there is often groat enlarge- 
ment of the thymus and hyperplasia of the lymphoid tissues. Extravasations 
of lymphoycytes (lymphorrhages) are found in the skeletal muscles and 
especially in the eye muscles. Removal of^ the diseased tliyroid leads to 
regression of the thymus. The significance of thes(‘, findings is not known. 

The initiating factor which caxises the thyroid to become overactive has 
not been identified, but emotional stress acting via tlie hypothalamus on the 
anterior pituitary (p. 980) may sometimes play a part. Some cases of simple 

adenoma of the thyroid 



DAYS AFTER SUBTOTAL 
THYROIDECTOMY 

Fig. 628. — CUangos in Sorum Precipitablo lodino 
{Hormone Iodine) in cases of Hyperthyroidism 
before and after subtotal Thyroidectomy. 
(Winkler et alf J, din. Investig., 1940, 25, 407.) 

The normal range of serum hormone iodine is 4-8 
Administration of therapeutic doses of iodine temporarily lowered 
the level of sorum honuotio iodine. Administration of iodltu? 
was stopped on day of operation, 
nomoval of the thyroid further low(5r(Hl the serum iioriuoue 
iodine level. In the lower curve the level became suhnorinal. 


may, at some stage, begin 
to secrete excessively and 
produce symptoms of 
hyperthyroidism. 

The main changes in 
Graves’ disease are as 
follows : 

(1) Metabolic Rate.— 
1.Mie cardinal symptom is 
the increased basal metor 
holic rate, which is the 
result of excessive secretion 
of thyroxine. The 
pulmonary ventilation, the 
oxygen consumption, the 
CO 2 output, the nitro- 
genous excretion in the 
urine are all increased as 
a consequence. The energy 
output at rest may in 
moderate cases be 50% 
above normal {i.e. B.M.K. 
-F60) and in severe cases 
100% above normal 
(B.M.B.+lOO) (Fig. 224, 
p. 377). 

(2) Blood Hormone 
Level.— T he level of 


hormone (precipitablo) iodine in the serum is elevated to a degree which is 
proportional to the severity of the clinical disturbance (Fig. 628). 

(3) Circulation. — The rate of the heart is greatly increased {c.g. to 140 
per minute at rest) ; the diastolic recovery period is thus greatly shortened. 
The cardiac output (and therefore the work of the heart) are likewise increased 
to supply larger amounts of oxygen to the overaotive tissues. To increase 
heat loss and thus prevent a rise of body temperature resulting from the 
increased heat production, the cutaneous arterioles and capillaries are dhated 
and the skin is flushed and moist ; skin temperature is notably raised in the 
toes and to a less extent in the fingers. The blood pressure does not show 
constant changes. 

Thyroxine accelerates the heart and increases its excitability partly by 
a direct action (p. 274) ; it is not known whether thyroxine in excess directly 
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damages the heart muscle. Signs of heart failure often supervene, and auricular 
fibrillation may develop. 

(4) Special Metabolism. — (i) There are signs of mild diabetes ; the 
blood sugar may be raised (mainly because of increased conversion of glycogen 
to glucose in the liver) and glycosuria is frequently present. The glucose 
tolerance curve is raised, partly owing to more rapid glucose absorption from 
the bowel. 

(ii) The serum cholesterol is lowered, e,g, from the average normal of 
180 mg. down to 120 mg-% ; the total blood fat concentration is likewise 
decreased. 

(iii) In normal adults creatine is absent from the urine or present only in 
traces (normal range 0-60 mg./24: hr.) ; in Graves’ disease considerable 
creatinuria develops (Fig. 632) associated with an elevation of the senm 
creatine level. Thyroxine apparently interferes with the retention of creatine 
in the muscles. Normally, if a test dose of 2*6 g. of creatine is ingested, 
about 70-80% is retained in the body (presumably in the muscles) the rest 
being excreted in the urine. In Graves’ disease a much smaller fraction is 
retained and correspondingly more is excreted. 

(iv) There is some rarefaction of the bones from mobilization of calcium 
salts and their excretion in the urine (serum calcium tends to fall). 

(v) There is frequently depressed liver function as shown by the results 
of the galactose test (p. 830). 

(5) A fine tremor of the voluntary muscles is present ; its mode of produc- 
tion is unknown. 

Role of Vitamin Lack. — Some of the changes in Graves’ disease may be 
secondary to vitamin deficiency. Thus an increase in tissue metabolism leads 
to increased utilization and therefore to a greater need for the vita mi n s 
of the jB-group. As the patient’s appetite and food intake are poor, vitamin 
lack develops. In hyperthyroid animals it is possible to prevent the usual 
depletion of hepatic glycogen and the loss of weight, and also to reduce the 
pulse rate by giving the vitamin-R complex. It is claimed that climcally, 
pyridoxine (p. 1028) improves the muscular weakness, and that if vitamin-D 
is added to the diet the characteristic calcium loss from the bones may be 
prevented. 

(6) Eye Signs in Gkaves’ Disease^ (Fig. 629). — The principal eye 
changes are : (i) exophthalmos ; (ii) retraction of the upper Hds ; (iii) weak- 
ness of the external eye muscles (ophthalmoplegia). All these eye sig^ are 
largely due to excessive deposition of fat at the back of the orbit and in the 
external eye muscles. The resulting increase in the volume of the retro- 
and peri-bulbar tissues pushes the eyeball forward, produemg exophthalmos. 
The levator palpebrae superioris is very commonly infiltrated with fat to a 
considerable extent ; this may be the cause of the spasm of this muscle which 
leads to the retraction of the upper lid. The fat content of the external eye 
muscles is always increased ; in chronic cases these muscles show marked 
degenerative changes with disintegration, infiltration with lymphocytes and 
disappearance of many fibres (Fig. 630) which account well for the miiscular 
weakness. It should be emphasized that these changes are not limited to 

1 Brain, Lancet, 1939, ii, 1217. Pochin, Clin. Sci., 1939, 4, 91. Rnndle and Wilson, 
Clin Sci., 1944-45, 5, 17, 31, 51. Woods, Medicine, 1946, 25, 113. Dobyns, J. dm. 
Endocrin., 1950, 10, 1202. 
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the eye muscles ; similar, thougli less marked, cliaiig(\s occur in all the skeletal 
muscles, and may account for the genoraJi/ed muscuilar weakness. It is note- 
worthy that the accumulation of fat in tlie orbit a.n<I ninsclt*s occurs even in 
patients who arc greatly wasted ; such liyperthyroid cases insiy have more 



Fia. 620. — Exophthalmic Goitre. (Simpson, Majm Endocrine 
Disorders, 2n(l. odn., Oxford University l^ross, 1048) 

Koto tho oyo dinngoa. 


fat in the sites named than obese (non-hy])erthyroi(l) patients. In Graves 
disease there is thus a mysterious derangement of fat dej>osition in certah 
localities contributing to, or associated witli, great muscular weakness. 
Role of the Synvpathetic Nerves , — In acute animal experiments exopi 
thalmos results from sympathetic stimulation which causes contraction c 
the retro-ocular muscle of Miiller (p, 708). In man, liowever, this structui 
is vestigial and is unable to produce a bulging forward of the eye. As tt 
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exophthalmos of Graves’ disease persists after death it cannot be due to 
muscular contraction or to vascular engorgement. Section of the cervical 
sympathetic does not affect the exophthalmos or abolish the lid retraction ; 
the latter is thus not due to overaction of the smooth muscle fibres in the upper 
lid ; the striated fibres in the lid supplied by the third nerve must be the ones 
involved. When retraction of the upper lid is due to sympathetic overaction 
causing contraction of the smooth fibres of the superior tarsal muscle (p. 708), 
it is accompanied by a depression of the lower lid ; in Graves’ disease on the 
contrary, the lower lid is raised relative to the cornea. The pupils in Graves’ 
disease are not dilated as would be the case if there were sympathetic over- 
action. 

Role of Thyrotfo'phic Hormone , — ^As injection of thyrotrophin produces 



A B 

Fig. 630. — Changes in Eye Muscles in Exophthalmic Goitre. (Aird, Ann, int. Med,) 

A. Normal extra-ocular muscle (man). Note well-formed, deeply stained long fibres. 

B. Extra-ocular muscle in patient with severe exophthalmos (same magnification as in A). A few darkly 

staining fragments of muscle fibres are still visible, but the main features are oedema, extensive 
infiltration with round cells, degenerated muscle fira^ents and fibrosis. 

exophthalmos in many species there has been a natural tendency to attribute 
the exophthalmos of Graves’ disease to pituitary overaction (and to suggest, 
in addition, that the thyroid hyperplasia is due to the same cause). There 
are serious objections to this view : 

(i) The orbital changes in Graves’ disease (fat accumulation) are distinct 
from those produced by thyrotrophin in animals (oedema). 

(ii) There is no proof of increased blood thyrotrophin in Graves’ disease, 
but this may be due to the fact that the hyperplastic gland inactivates thyro- 
trophin rapidly (p. 980). 

(ui) In conditions in which the blood thyrotrophin concentration is 
increased, e,g, in myxoedema, cretinism, simple iodine-deficiency goitre, and 
after administration of thiouracil and related “ goitrogens,’ there are no eye 
changes. 

(iv) In Graves’ disease the eye changes follow an independent course 
from that of the hyperthyroid manifestations and are not related to them 
in time or severity. They are not necessarily relieved by thyroidectomy or 
other procedures which decrease the hyperthyroidism. Exophthalmos may 
be unilateral. 

32 
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The remote cause of the eye changes in Graves' disease is therefore still 
obscure. 

Treatment of Graves’ Disease.-'(l) OrKUATiVE Removal of sufficient 
thyroid tissue usually cures Graves’ disease. The seruin hormone level and 

the clinical state are the 
? ,onL POT. IODIDE (daiiH) " ^ ^ IZ] best guides to the amount 

1 120 - ^ of thyroid substance which 
I ■ ^^^ost be taken away (Fig. 628). 

. ('2) Action of Iodine.Z 

^ . The administration of 10-70 

§ ’ iodine daily may 

go - lower tlie basal metabolic rate 

t I I I ■ t t I I — I — \ — I — I — (B.M.R.), <?.(/, from +80 to 

(Fig. 631).i The clinical 

‘I 140 - condition improves for about 

i K - 2 weeks, and the patient is 

4 ^ 120 M l\z better able to stand operative 

\ / - procedures ; iodine medica- 

100 - \ prevents the post- 

0 ) - V ^ ^ " operative crisis which some- 

§ 80 - ^ - times occurs with fatal results. 

— ' — * — * — ' — ‘ — ^ — ' — * ' ‘ ' ‘ Fig. 631 shows that when 

70 ^ ’ iodine treatment is continued 

” \ A ■" for a longer time, the clinical 

“ \ / Y? condition begins to deteriorate 

^ “ \ ^ settles down to a state 

^ \ - roughly midway between that 

_ originally present and the 

° 1 ...... 1 stage of maximum benefit. 

0 20 40 60 80 loo I20 140 It is important to remember 

TIME IN DAYS discontinuance of 

Fig. 631. — Effects of Thorapoutio Administration iodine treatment leads to an 
of Iodine (as KI) in Graves’ Disease. (After (exacerbation of the symptoms. 
Mo\k,rxhy,NulnUona7uiJ)uecu,e,mi.) j 

’ iodiiKs inhibit the secretion of 

thyroxine into the blood; 

Pot. Iodide was p;ivcn llrst in doses of 4 grains daily. Note thC Icvol 01 SCrum rlOrmOM 
the incmiBo in weight, the fall iu pulse rate and tlie w (lof‘ro<iqed /FiV 6281 

decrease in B.M.li. After 20 days, the pulse rate and lOCUno IS ULCloasca Ig. O^Oj. 

n.M.it, h(5gan to rise again iu spit(‘. of tn^atiiuuit ; tie^y Iodine treatment depresses 

stayed approximately at tlie n«‘.w level wJien the dose , , . .3 ^ ^ 

was redumi to 2 grains daily. the thyroid epithelium (t.e. 

When the iodide troatiucut was stopped, there was a sudthsn diTYiTniuhoci +,lio bvnprnlasial 

marJied increase in pulse rate and B.M.R. Tiiey fell tUinmlHBtS uue nyporpiasiuj, 

again on resuming treatment. and promotes Storage Oj COUOKl 

in the vesicles which become 

distended. The iodine content of the gland is increased, e.g, from 0*25 to 

2-3 mg. of I per g. dry weight ; all three forms of iodine are stored iu larger 

amounts, including thyroxine. Iodine treatment does not bring about a 

complete cure as the gland is only partially, and temporarily, restored to a 

more normal, ‘‘ resting ” state. 

1 Therapeutically administered iodine acts by raising the blood inorganic iodide level 
(p. 982). 
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TIME IN DAYS 

Fig. 631. — Effects of Thorapoutio Administration 
of Iodine (as KI) in Graves’ Disease. (After 
Mcllanby, Nutrition arid Disease^ 1934.) 

Ilocord from Jibovo downwards ; 

Body-weight in lbs. 

Ihilse rate per minute. 

B.M.R. as per cent, above normal. 

Bot. Iodide was given llrst in doses of 4 grains daily. Note 
tlie increase in weight, the fall iu jiulse rate and tiie 
decrease in B.M.li. After 20 days, the pulse rate and 
B.M.lt, began to rise again iu spit(‘. of treatiiumt ; tln^y 
stayed approximately at tlie n«‘W level wJien the dose 
was reduced to 2 grains daily. 

Wiieu the iodide treatment was stopped, tliere was a sudthsn 
marked increase in pulse rate and B.M.R. Tliey fell 
again on resuming treatment. 
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Fig. 632.— Effect of Thiouracil in case of Hyper- 
tli 37 Toidism. (Barr and Siiorr, Ann. int. Med., 
1945, 2S, 758.) 


Records from above downwards : 

Bose of thionracil administered in g. par 24 hr. 

Serum cholesterol in mg./lOO cc. 

B.M.R. % above or below normal (O=normal). 

Urinary creatinine in mg./24 hr. 

Urinary creatine in mg./24 hr. 

Creatine retained as % of dose administered. 
Administration of thionracil restored metabolism to normal. 


Note : Serum c7u>lest&rol rose (from 200 to 450 mg-%). 

B.M.R. fell (from +40 to -10). 

Urinary crecMnine output fell (normal range 1200-1700 mg./24 

Urinary creatine : normal output 0^0 .55S-/24 hr. 

high creatine output in hyperthyroidism (200-600 nig./24 
hr.). After treatment the creatine output fell to 50-200 

PercStage^ m^tine retained after a test dose (given by mouth) 
rose from 25-50% to over 76%. 
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(iii) Action of Thiouracit^ and Hklatiod (yOMiTniNos.- --A s already 
explained, many tliio compounds inhibit thyroxine syiith(‘sis in tlic thyroid 
gland (]). 975). Some of these substances are very usid’ul in the treatment of 
Graves’ disease. Methyl thiouracil is most generally em|)loyed clinically. 
After a latent period of 1-2 weeks, the pulse rate and B.M.U. begin to fall 
the body weight increases and the clinical state improvers (Fig. ()32). After the 



Eio. 633. — Therapeutic Ai^tion of Ha<Uo-Active lotliue (^'‘0’“) 
in GravoH’ .UiHoasc. (Kelsey ei a/., ./. din, InvvMiq., 

1946 , 109 .) 

Ono dom of radlo-activo iodine \vm adini«lHt.(‘,riHl at the time indleated 
by tho arrow. 'J'ho thyroid dcurciaHod proKri'SHiVidy in vvei/^iit iVoiu 
45 g. to 10 and lluaily almost completely disapj>(»ar<Ml, Th(» U.M.U. 
fell from 4-50 to less than —ao. The induced my.KaMlcma was treated 
with desiccated thyroid. 

DU* gives oir /3 and y radiations. 

maximal improvement has been attained, the jiatitmt is given small mainten- 
ance doses, which may completely control the symptoms and signs of hyper- 
thyroidism ; the thyroid enlargement, however, persists (or the gland may 
enlarge even further) and the eye changes arc unaffected. The drug must 
be employed with care as agranulocytosis and other unpleasant side actions 
may develop. The thio compounds control the hyperthyroidism by inhibiting 
thyroxine formation. The fall of blood thyroxine may stimulate thyrotrophin 
formation and thus induce further thyroid hyperplasia. The histological 
appearance of the gland, therefore, remains that of untreated Graves' disease^ 
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i,e, the vesicles are collapsed and colloid free, the lining cells are tall, e,g, 20 jn 
in height, and contain vesicular nuclei 10 /j. in. diameter ; the gland is congested 
and friable and may be difficult to remove if operation becomes necessary. 
The thyroid cells may ultimately degenerate ; if this occurs, further thiouracil 
treatment may become unnecessary. The general result, however, is to leave 
an enlarged vascular hyperplastic gland which has ceased making excess 
thyroxine because the drug has inhibited thyroxine formation.^ 

(iv) Administration of Radio-Iodine — ^As already explained 

(p. 973) the th^^oid collects ’’ I from the extracellular fluids, with the result 
that the thyroid inorganic iodide concentration may be hundreds of times 
greater than that in the blood or the tissue fluids generally. If suitable 
doses of radio-active I are administered to patients with Graves’ disease, it 
accumulates in the thyroid in sufficient concentration to damage or destroy 
most of the alveoli without injuring the rest of the tissues of the body. 
Marked clinical improvement has been obtained in this way ^ (Fig. 633). 


CALCIUM AND PHOSPHORUS METABOLISM 

Calcium and Phosphorus Metabolism. — The absorption and excretion 
of calcium and phosphate, their level in the blood and in the other body 
fluids, and their behaviour in bone, are so closely inter-related that it is best 
to consider the metabolism of both substances together. 

Calcium Metabolism. — Calcium in Food. — The chief sources of calcium 
in food are : 

(i) Milk (120 mg./lOO c.c. or about 660 mg./pint), and cheese (about 
800 mgVlOO g.). {Human milk contains only 30 mg./lOO c.c.) 

(ii) The concentration of calcium in the body fluids and in animal 
tissues (other than bone) is low ; meat contains very little calcium (about 
10 mg./lOO g.). Most green vegetables are likewise poor in calcium and lose 
much of what they contain when boiled. 

(iii) Flour contains 20-25 mg./lOO g. ; in Great Britain all flour has added 
to it 60 mg. of CaCOg/lOO g. with the result that bread has become an 
important source of calcium that can compensate for a deficiency of milk and 
cheese.® 

Absorption of Calcium. — This takes place in the small intestine and is 
always incomplete ; what is not absorbed is passed out in the faeces. The 


^ It is interesting to compare the formulae of alloxan (which poisons the islets of 
Langerhans), and thiouracil and methyl thiouracil (which poison the thyroid). 

Uracil Thiouracil 

NH— CO NH~CO 


Alloxan 

(3) NH^CO (4) 

io Jo 


( 2 ) 


( 5 ) 


Ao 


CH 


(1) NH— CO (6) NH— CH 


(2) CS CH 

i II 

NH— CH 

[S in (2) 
position] 


Methyl thiouracil 

NH— GO 

Js Jh 


NH— CCHs (6) 
[Methyl in (6) 
position] 


® Kelsey et al., J. din. Investig., 1949, 9, 171. 

3 The special arrangements in force in Great Britain to ensure the larger calcium 
requirements of children and pregnant and lactating women are described on p. 1064. 
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(iv) Plasma inorganic phosphate level ^ : serum Ca generally varies 
inversely as plasma phosphate concentration, the product 
of the two (each expressed as mg-%) being normally 60 in 
children and less (about 40) in adults. The relationship is well 
illustrated in the Table below, which shows the effects of para- 
thyroidectomy and subsequent injection of three doses of 
parathormone. 



Serum Ca in 
nig-%- 

Plasma Inorg. Phos- 
phate in mg-% of P. 

Normal .... 

11-0 

5-5 

After parathyroidectomy 

5-2 

10*9 

Inject parathormone . 

6-7 

8‘8 

j» >» • • 

11*2 I 

5-7 

j> »» • • 

15-1 1 

2-0 


There are however many exceptions to this generalization ; thus in rickets 
(p. 1010) both the serum Ca and inorganic phosphate may be reduced. 

Serum calcium is lowered : 

(i) When there is reduced absorption of calcium from the intestine, e,g. in 
rickets and steatorrhoea, or when the calcium intake is very low. 

(ii) In hypoparathyroidism. 

(iii) In some forms of renal failure in which there is phosphate retention 
leading to a secondary fall of serum Ca. 

Serum calcium is raised : 

(i) In hyperparathyroidism. 

(ii) In diseases in which abnormal plasma proteins occur (as stated above). 

(iii) After administration of very large doses of vitamin-D (100,000- 
500,000 units per day). 

(iv) After sudden immobilization, e.g, confinement to bed with extensive 
plaster casts as after fracture of the spine. 

Excretion of Calcium. — (1) By the Bowel. — There is no doubt that 
calcium is actively ea^reted by the intestinal mucosa (possibly of the large 
intestine) from the blood into the lumen of the bowel. The evidence is as 
follows : 

(1) If a calcium salt containing a trace of the radio-active isotope (^^Ca*, 
half life 180 days) is injected intravenously in animals, 10% of the dose may 
be eliminated in the faeces in 10 days. 

(ii) On a daily calcium intake in man of only 110 mg., as much as 200 mg, 
may be lost daily in the faeces. 

The calcium passed out in the faeces is thus derived from two sources : 
(i) food calcium which has not been absorbed ; (ii) body calcium which has 
been excreted from the blood by this route. No explanation has been offered 
to account for this excretion, which may continue even when there is calcium 
lack. 

(2) By the Kidney.— The amount excreted in the urine varies widely, 
e,g, from 60 to 250 mg. per day ; it is related to the amoxmt absorbed and to 
the serum Ca level ; if the latter is below 6-8 mg-% the urinary excretion is 
minimal ; if it is raised above normal the urinary output correspondingly 

^ Inorganic phosphate concentrations are always expressed as mg. of P (per 100 cc.). 
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rises. The calcium outpxit in the urine is raised in (i) hy])crparathyroidisiii 
(ii) acidosis, and (iii) hyperthyroidism (p. 91)1) ; in tliese conditions calcium 
is withdrawn (“ niobilized ”) from the hones. With a normal calcium intake 
more calcium is lost in, the fieces than in the urine. 

Calcium Requirements. — To be in a state of calcium balance the 
calcium intake must equal that pasvsed out in the fa?c‘es and urine. Calcium 
must be retamed in growinji; (diildren and during pregnancy ; during lactation 
additional calcium is needed to make good the loss in the milk. The recom- 
mended daily calcium intake in various states (giveii ludow) is 50% above 
the probable minimal requirements, thus providing a margin of safety. 

Adult : 12 mg./kg., or 750 mg. in all.^ 

First () nionths : breast fed, 45 mg./kg. ; artificially fed (cow’s milk), 
150 mg./kg. (the diilerence is due to the diile.rent degrees of calcium absorp- 
tion). 

6 months -9 years : 800 -900 mg. 

9-.l() years : 1000-2000 mg. (1-2 g.). 

Over io years : gradually decreasing to adult level. 

Pregnancy : tlie calcium content of the foetus at 28 weeks is 5 g. ; at 40 
weeks (p. 1059) it is 30 g. The calcium intake should be increased to allow 
for a calcium retention of 50 g. in all, to provide a generous margin of safety. 
The intake should be 1-5 g. in the first months of pregnancy rising to 3 g. 
daily in the last 3 or 4 months. 

Lactation : over 3 g. are needed daily to allow for the calcium loss in the 
milk and the unexplained increased loss from the bowel It should be 
emphasized that at the height of lactation a woman loses about ten times 
as much calcium daily in the milk as she lost to the foetus daily during the 
last stages of pregnancy. 

Functions of Calcium in the Body. — (1) Bonk. — The inorganic 
material of bone consists of calcium salts of phosphate (85%) and carbonate 
which are deposited in a protein matrix ; there is a nucleus of Ca.j(P 04)2 on to 
which is absorbed chiefly CaCOg but also CallPO^ and Ca(OH) 2 . Half the 
weight of a bone is calcium salt ; 97% of the body calcium is found in the 
bones. The calcium of bone is constantly undergoing exchanges with the 
body fluids. Thus, if a calcium salt containing a trace of the radio-active 
isotope is injected irxtravenously 86% of the dose is taken up by the 
bones in 100 minutes ; about 5% of this skeletal is given up in 10 days 
and replaced by a corresponding amount of calcium which has been taken 
up from the body fluids. The entire calcium of tlie bones might thus be 
‘‘ turned-over ” in some 200 days. The special aflinity of bone for calcium 
is shown by the fact that it takes up calcium about 130 times as rapidly as 
skeletal muscle. As the salts of bone are derived from the body fluids, 
satisfactory calciflcation depends on a normal serum concentration of Ca 
and phosphate ions. Other important factors are : 

(i) Alkaline phosphatase^ which is present in the centre of ossification in 
the hypertrophied cartilage cells and in the osteoblasts ; it acts on the 
hexose phosphate brought in the blood and releases inorganic phosphate, 
thus raising its local concentration. The solubility product for calcium 
phosphate is consequently exceeded, with the result that insoluble calcium 
phosphate is precipitated out. The mode of precipitation of calcium 
carbonate is unknown. 
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(ii) Yitamin-B, wMch in addition to maintaining tlie normal serum Ca 
and inorganic phospliate levels by promoting absorption in the intestine also 
exerts an obscure direct action on tbe bone itself. 

Other functions of calcium are discussed elsewhere as indicated below. 

(2) Excitability of nerve fibres and nerve centres (p. 1004). 

(3) Relation to clotting of blood (p. 140) and milk (p. 776). 

(4) Relation to contraction of heart muscle (p. 236). 

Phosphorus Metabolism.^ — ^Phosphorus in Food. — The chief food 
sources are set out below. 

(i) Milk (90 mg./lOO g. or about 500 mg./pint) and cheese (about 
700 mg./ 100 g.) mostly as inorganic phosphate and partly in the phospho- 
protein caseinogen. 

(ii) P is found in animal tissues in : (a) nucleoproteins and nucleotides 
(p. 878) ; ( 6 ) phosphatides, e.g. lecithin (p. 861) ; (c) phosphoprotems 
(caseinogen, ovalbumin of egg) ; (d) combined with coenzymes, e.g. fiavin, 
(p. 1028) ; coenzyme-I (p. 840) ; (e) as inorganic phosphate. Skeletal muscle 
contains creatine phosphate (p. 429), adenosine triphosphate (Fig. 553), and 
hexose phosphate and its triose derivatives. 

Absorption of Phosphorus. — ^Phosphorus is always absorbed from 
the small intestine as inorganic phosphate ; thus the organically bound 
phosphate must first undergo appropriate digestion in the intestine to release 
the inorganic phosphate. Phosphate absorption is facilitated by the forma- 
tion of the more soluble salts and by the presence of vitamin-D. 

Phosphorus in Blood. — The red cells contain large amounts of 
organically bound P (85 mg./lOO c.o.) in phosphate esters and phosphatides. 
The plasma P is mostly in the form of inorganic phosphate. The normal 
serum inorganic phosphate concentration is 5-6*5 mg-% in infants and 3-4-5 
mg-% in adults ; this phosphate is mainly in the form of B 2 HPO 4 . 

Serum phosphate is reduced in rickets, in the related condition of osteo- 
malacia, in defects of the intestinal mucosa (e.g. sprue) and in uncomplicated 
hyperparathyroidism ; it also faUs temporarily, after a carbohydrate meal or 
an injection of insulin. 

Serum phosphate is raised in renal failure, acromegaly, after injection of 
pure growth hormone, and in simple hypoparathyroidism. The inverse 
relationship commonly (but not invariably) found between serum phosphate 
and Ca concentrations was considered on p. 999. 

Excretion of Phosphorus. — The P passed out in the faeces is food P 
which has not been absorbed. On an average 60% of the total P loss is in 
the urine. Both parathormone and thyroxiae increase the elimination of 
phosphate in the urine (p. 1003). The role of the phosphate in the urine is 
discussed on p. 94. 

Phosphorus Requirements. — The adult requirement is 1-4 g. daily ; on 
any reasonable diet the P supply is sufficient for all needs. 

Functions op Phosphorus in the Body. — (1) Bone (see p. 1000). 

(2) Metabolism. — Organic phosphate is present in large amounts in all 
tissue cells in many forms (cf. Fig. 2 ). It is concerned with numerous meta- 
bohc changes in the body in connection with carbohydrate (p. 844), skeletal 
muscle (p. 429), and fat metabolism (p. 864) ; it is concerned in the action 

1 Phosphorus concentrations are expressed in terms of mg. of P (and not of phosphate) 
per 100 c.c. or 100 g. 

32* 
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of many coenzymes (p. 840). The importance of liigh energy phosphate 
bonds in energy transfer is discussed on p. 842. 

(3) Regulation of H-ion co7icent/ration of blood and urine (see p. 94). 

(4) In some circumstances inorganic phosphate is released from the 
organic phosphate in the tissue cells, passes into the blood and serves as a 

loaroc of urinary phosphate (|). <.)5) 

Phosphatase Activity.— rhosphatase hydrolyzes monophosphonc esters 
releasing inorganic phosphate. Two types of phosphatase are found in the 
Ldy the and the acM. 

(1) AlKAUTNE Phoschatask,* which acts in an alkaline medium, is present 
all tissues and body fluids : the highest concentration is found in actively 
^^^sifying cartilage (centres of ossification, growing o])iphyses) and periosteum, 
^ntestinal mucosa, kidney, and liver. Alkaline phosphatase is concerned 
with many chemical processes, c.g^ (i) precipitation of calcium phosphate in 
bone (p. Iddd) ; (ii) liydrolysis of phosphate esters in the intestine leading 
to phosphate absorption ; (iii) hydrolysis of [phosphate esters in the kidney 
which have been formed presumably in connection with the tubular reabsorp- 
tion of glucose and other constituents ; (iv) hydrolysis of glucose~-6~phosphate 
in tlio liver releasing glucose into the blood (p, 845) ; (v) possibly with the 
gyuthesisoftissuo protein (p. 935). 

■' normal mum alkaline phosphatase (in Bodansky units per 100 c.c.) 
k 14 units iu adults and 5-14 units in children ; it is derived chiefly from 
the bones. The level is mcreased in the following conditions : 

(1) Diseases of bone, presumably because of increased local formation of 
nhospliatase, e.g. in active rickets (to 20 -*190 units), osteitis deforrnans 
(Paget’s disoaao) (to 15-125 units), hyperparathyroidism (to 20-40 units), 
ind secondary deposits in bone from a primary carcinoma of prostate (p. 1116). 
It is also increased by injection of pituitary growth hormone. ^ 

(ii) Disorders of the liver and biliary tract (obstructive and toxic 
iaundice) : l^he explanation is obscure. The rise has been attributed to 
failure of the liver to secrete the enzyme into the bile or to regurgitation of 
the enzyme from the bile into the blood. 

(2) Aoin Phosphatase, which acts in an acid medium (pH 5-5), is formed in 
small amounts in many organs : the normal serum (H)ncenttatiou is less than 
3 units per 1^1^ o.c. The prostate after puberty has a high acid phosphatase 
content (p* J in cases of carcinoma of tlio prostate with secondary 
deposits in hones and lymphoid tissue, the serum acid phosphatase is usually 
raised. A value exceeding 10 units per 100 c.c. is abnormal (p. 1116). 

THE PARATHYROID GLANDS. VITAMIN-D 

The Parathyroid Glands,^ — The parathyroid glands are normally four 
in number. They consist of masses or columns of cells, with numerous mde 
vascular channels between them. The cells are of two types : (i) principal! 
or non-granular cells with faintly staining nuclei ; (ii) a few eosinophil cells 
with well-Junrked nuclei ; these latter cells do not appear until puberty. 
The of this histological differentiation is unknown. 

1 yiQxnB and Poden, Qmrt. J. Med., 1937, d, 211, 

i ^bright and Reifenstein, Parathyroid Glands and Metabolic Bone Diseases, Baltimore, 
1946. 
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Parathyroid Hormone, Parathormone. — The active principle of the 
parathyroids is called 'parathormone. It is prepared by acid extraction 
of fresh parathyroid glands ; it 

is freely soluble in water, and 1 


is usually administered sub- 
cutaneously or intravenously ; 
it is effective when given by 
the mouth in large doses. The 
results of deficiency or excess 
of parathormone are well 
estabhshed and are described in 
detail below. The most striking 
and obvious effect of para- 
thormone is on the level of serum 
calcium^ but the primary site 
and exact mode of action of the 
hormone are, however, still 
obscure. The following sug- 
gestions have been made : 

(1) The primary action of 
the hormone is to regulate the 
excretion of inorganic phosphate 
in the urine, 

(i) The first observable effect 
of injecting parathormone in a 
case of clinical hypoparathyroid- 
ism or in normal subjects is to 
increase phosphate excretion in 
the urine (Fig. 634). 

The subsequent course of 
events is thought to be as 
follows : 

(ii) As a result the serum 
phosphate level falls ; faecal 
excretion of P is unaltered, 

(iii) Because of the reciprocal 
relationship between serum Ca 
and serum phosphate concentra- 
tions, the faU of serum P leads 
secondarily to an increase in 
serum Ca ; the latter may rise 
to 15 mg-% or more. This 
hypercalcaemia develops some- 
what gradually and is associated 
with a flow of calcium out of 
the bones into the blood. 

(iv) The hypercalcaemia leads 
to an increase in calcium ex- 
cretion by the kidney. 

The net result is rarefaction 


^ PARATHORMONE 



7 9 11 t 3 5 7 

TIME 

Fig. 634. — ^Effect of injection of Paratkormone 
on Urinary Phosphate and Calcium Excre- 
tion and oh Serum P and Ca. (After 
Albright and Ellsworth, J, din, Investig,, 
1929, 1, 183.) 

Case of Idiopathic Hypoparathyroidism. 

At the time marked by the arrow inject 75 units of 
parathormone. 

Time in hours. 

Ordinates above : Serum Ca and F in mg/100 c.c. 
Hote high initial serum P (10*5) and low serum 
Ca(7*3). 

Ordinates below : urinary excretion of Ca and P in 
mg/hr. 

Hote that the increased excretion of P in the mine 
produces the initial fall of serum P. The rise of serum 
^ is secondary. The urinary excretion of Ca was 
increased later (not shown in the Pig.) as a result of the 
hypercalcaemia. 
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1 I'llh, AmrrJJ’bydd,, IMS, U5, 42. 
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initially temporarily enhances the excitability of the affected nerve fibres, 
particularly those which have run the longest course from the periphery. 
After a minute’s compression the fibres from the skin of the hand begin to 
discharge spontaneously; these afferent impulses on reaching the brain 
give rise to a tingling sensation which is referred to the hand. [If the 
ischaemia is maintained the excitability of the nerves under the cuff declines 
and the tingling disappears ; later still the nerve fibres are paralysed and 
anaesthesia and weakness set in (p. 752).] 

(ii) If hypocalccBinia is present owing to parathyroidectomy, the procedure 
described above produces more striking results. Spontaneous discharge 
of the affected nerve fibres sets in sooner and affects the motor as well as the 
sensory fibres. The muscles of the hand contract, their pattern of activity 
depending on the number of motor nerve fibres affected and their discharge 
rate. If a few motor fibres discharge at a low rate, irregular muscle twitchings 
occur ; if many fibres discharge at a higher rate powerful muscular spasms 
develop ; the position taken up by the hand depends on the relative strength 
of contraction of the opposing muscle groups. 

In any clinical condition in which the diffusible (ionized) serum Ca 
is lowered, Jiyperexcitability of the peripheral nerves and of the central 
nervous system develops ; the resulting state, known as tetany, is described 
below. 

(4) CLmoAL Manifestations op Tetany. — (i) Carpopedal Spasm, 
{Trousseau's Sign,) — ^Pressure is applied to a limb to compress the local 
nerves. As explained above, the combination of ischaemia and hypocalcaemia 
causes both the sensory and motor fibres affected to discharge spontaneously. 
The hand generally adopts the “ obstetric ” position ; the metacarpo- 
phalangeal joints are flexed, the fingers are extended, the thumb is drawn 
on to the palm, the wrist and elbow are flexed. In the case of the lower limb 
the toes are plantar-flexed, and the feet are drawn up. There is tingling in 
the distal part of the limb. 

(ii) Facial Irritability {ChvosteFs Sign), — Because of the heightened 
excitability of the nerves to mechanical stimulation, tapping over the facial 
nerve after its exit from the stylo-mastoid foramen results in contraction of 
the facial muscles. 

(iii) Laryngismus Stridulus, — ^Without warning, the laryngeal muscles 
contract suddenly, and the glottis is closed ; this may be the result of a 
spontaneous discharge of the motor nerve fibres. No air can enter the chest, 
and progressive cyanosis develops. After a variable period the spasm relaxes, 
and air enters with a “ crowing ” soimd. 

(iv) There is increased excitability of the motor nerves to the galvanic 
current. Normally a kathodal opening contraction (k.o.c.) can be obtained 
with a current of not less than 6 miUiamperes. 'When contraction results 
from a current below 5 miUiamperes, increased galvanic excitability is present. 
In tetany, 0-6 miUiamperes may be sufficient to produce a contraction. A 
slowly rising current which is ineffective when applied to normal fibres because 
of the development of accommodation readUy stimulates the nerve {e,g. 
ulnar) in states of hypocalcsemia, producing tmgling and muscle spasm. 

(v) Generalized convulsions may occur owing to enhanced central nervous 
system excitability. 

Parathyroidectomy in man may be carried out accidentaUy in the course 
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of an extensive excision of the thyroid gland or as a deliberate therapeutic 
measure in cases of parathyroid tumour or of parathyroid hyperplasia. 

Treatment of Parathyroid Deficiency. — (i) The symptoms of tetany 
can be temporarily relieved by iujccting ])arathormoiie -which raises the serum 
calcium ^ ; but as this calcium is -withdrawn from the bones, such treatmeutis 
inadvisable for more than short periods in accidental i>arathyroideotomy, 
and is especially undesirable in patients operated on for parathyroid hyper- 
plasia in whom the bones are already dangerously weakened. 



P N 

Fio. 635. — X-ray Appearance of Bones in Clinical Hyperparathyroidism. 

Case of genoralized osteitis fibrosa (parathyroid adenoma), left : X-ray of right forearm of patient (P). 

JtigM : that of normal limb (X) almultanoously taken as control. Note general ami marked rarefaction 

and deformity of bones. (Hunter, J3rit. J, iSurg,, 10.) 

(ii) The serum Ca may be raised temporarily by intravenous injection 
of soluble calcium salts, 

(iii) The long term treatment consists in promoting greater absorption 
of calcium from the intestine. Large doses of calcium (3 g. daily) are given 
by mouth {e.g. 7 g. of CaCO^ or 22-5 g. of calcium lactate daily) ; in addition 
very large doses of vitamin-!) are given (2*5 mg. daily 100,000 international 
units (i.u.) = 100 times the therapeutic dose in rickets.) A synthetic steroid, 
dihydrotachysterol (ATIO) given in doses of 0-1 c.c, daily acts like vitamin-D 
and promotes calcium absorption from the gut, 

HYPEBOAL0.2ESMIA, — With overdoses of parathormone, hypercalceemia and 
decalcification of bones occurs. Finally severe toxic symptoms develop. 

1 See Table on p. 999, for changes in serum Ca and phosphate. 
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Tlie serum Ca rises to a critically lugh level ; the usual inverse Ca/P relation- 
ship is not observed and the serum phosphate is also high. Renal failure 
occurs ; the blood urea and non-protein-N are raised. There is loss of appetite, 
diarrhoea, dullness, drowsiness, and general muscular flaccidity ; circulatory 
failure and coma ultimately develop. 

Eepeated injections of parathormone may, however, lead to the establish- 
ment of a non-reactive state in which the hormone no longer affects calcium 
or phosphorus metabolism. This is presumably because parathormone is a 
protein and has been prepared from the glands of a different animal from 
the one to which it is given experimentally. After repeated injections, anti- 
bodies to the foreign protein are probably formed which react with the 
injected material and interfere with its action. There is no evidence of the 
development of such a tolerance to “ endogenous ’’ parathormone, i,e. a 
patient with hyperparathyroidism always responds to the excessive amounts 
of hormone which he secretes. 

Causes of Clinical Tetany. — Tetany occurs owing to (i) hypooalcsemia, 

(ii) alkalsemia. 

(1) HYPOCALC.a:MiA. — Tetany from hypooalcsemia occurs (i) after para- 
thjT^oidectomy (p. 1005), (ii) in rickets (p. 1010) and in osteomalacia (p. 1012), 

(iii) in renal failure with phosphate retention (p. 77). As already emphasized, 
it is the faU in diffusible serum Ca which affects nerve tissue ; alterations 
in the amount of calcium combined with plasma protein are without action. 

(2) Alkal^semia. — A lkalsemia produces typical tetany without altering 
the level of diffusible serum Ca ; it can be shown that the change in blood 
reaction directly increases the excitability of nerve tissues. The symptoms 
are relieved by raising the H+ ion concentration {e,g, by inhaling COg-rich 
mixtures or administering acidifying salts such as NH^Cl). 

Clinically, tetany from alkalsemia occurs : 

(i) From excessive ingestion of alkali, e,g, sodium bicarbonate, as in the 
intensive treatment of peptic ulcer. 

(ii) In association with profuse vomiting, as in pyloric obstruction (p. 105). 

(iii) Following excessive pulmonary ventilation, e.g, voluntary hyperpnoea 
(p. 408), or the hyperpnoea of nervous disorders like encephalitis lethargica 
(see legend to Fig. 56, p. 99). 

Control of Parathyroid Secretion. — The glands are not controlled 
by the nervous system or by the anterior pituitary. It is probable that the 
secretion of the parathyroid gland is regulated by the calcium concentration 
of the blood reaching it. 

(i) Intravenous injection of 40 mg. of Na oxalate in a dog initially lowers 
the serum Ca (by precipitating calcium oxalate) ; rapid recovery of the 
serum Ca occurs in normal animals, but no recovery takes place in para- 
thyroidectomized animals. 

(ii) If decalcified blood is perfused through the parathyroids (and thyroid) 
of a dog and the venous outflow is infused into another animal it raises the 
serum calcium in the recipient by, e,g. 1*5 or even 4*5 mg-%. 

(iii) It is claimed that in several conditions associated with lowered serum 
Ca there is diffuse hypertrophy of the parathyroid glands. 

Clinical Hyperparathyroidism.^^ — This condition may result from 
diffuse hyperplasia of all the parathyroids or from a localized tumour 
1 Black, Surg, Oynec, Obstet,, 1948, 87, 172. 
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(pjirjithyroid udenonui, or, randy, carcinoma,) in oixo of them. The elTects of 
the rcKSultinG; over-secretion of parathormone on the urine, blood, juid bones 
are those described on p. 1003 (eilects of injection of pa,ratliormone). Briefly, 

there is a rise of serum Oa (even u]) to mg-%j 
and a fa.ll of serum phosphate ; withdrawal of Ca 
from tlie bom‘.s ; inereasiul Ca. exc;r(‘,tion in the 
urine ; initially incniasinl a,nd later <iecreased 
phospluite excretion. When the hypercalcsemia 
is s(‘,vere it produces the toxic, eilects described on 
[). 100(>. 

TJie variable clia-nges which may occur in the 
bones are summarized below. 

(i) There may be generalizetl rarefaction of 
tlie bones (osteoj)orosis) (Fig. dSf)). 

(ii) The rarefaction may he more severe in 
certa.in. bones, leading to formation of cysts ; when 
many of these cysts are |)n^sent, the condition is 
called otiteiliti fibrosa cystim (Fig. G3t)). 

(hi) If calcium absor[)tion iVom the intestine 
and deposition of fresh Ca in the hones keeps pace 
with the drain of calcium out of the bones the 
skeleton may remain intact. 

The increased excretion of Ca in the urine 
(which is secondary to the hy|>ercalc{emia) may 
lead to formation of renal calculi. In addition 
to the disabilities resulting from bony deforma- 
tion (c.//. fractures) a(mte attacks of parathyroid 
poisoning may occur, characterized by restlessness, 
tachycardia, prostration and von\iting. 

In cases of parathyroid adenoma, removal of 
the tumour lea<ls to a ra]>id fall of serum Ca, 
commonly to subnormal levels, with resulting 
tetany ; serum phosphate may rise (Fig. 637). 
The fall in serum Oa may set in within a few hours. 
The blood changes are well illustrated in the Table 
on p. 1009 (from C. E. Jlent) ; in this case no rise of 
scrum P occurred during the lirst 10 days after 
the operation. 

Tlie post-operative liypoparatliyroidism is 
treated as described on p. 11)06 ; in successful cases 
the bones are ultimately elTcctively recaloified. 

Renal Rickets. — In some cases of renal disease 
in children, secondary parathyroid hyperplasia 
occurs, leading to progrewssive deoaloification of 
the skeleton. 

Vitamin-D.^ — Vitamin-D increases calcium and phosphate absorption 
from the intestine and also proinot'Cs calcification by a direct action on bone ; 

1 Hess, EieJeetSy Osteomalacia and Tetany, Ix>udon, 1930. Vitamins, M.K.C., Spec, 
Rep,, No. 167, 1932. Bricknoll and Rresoott, VitamiTis in Medicine, London, 2nd end., 
1947. 



Fia. 636. — Bony Changes 
in Hyperparathyroidism. 

CaHo of g(5n(Talis5od nHt(;ltis 
llbroHa ' (pai‘atijyn>i(l luUi- 
noiua). Sagittal hocUoii of 
riglit hunimiH Irmti sa,iuo 
patloiit ns Eig. 0115. In 
tho shaft aro many <lark 
areas representing eysts 
which were either empty 
or lined with deep red jelly. 
Note the great d(*formlty 
of the shaft. (Uunti^r, 
Brit. J. Surg., 1902, 19.) 
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it prevents and cures rickets. The vitamin is found mainly in fish-liver oils 
{e,g. cod- or halibut-liver oil) and in yolk of egg ; it is present to a small 


Date. 

Serum Ca in Mg-%. 

Serum P in Mg-%. 

16 June .... 



15-0 

1-5 

27 „ .... 



14-2 

1-5 

3 July (day of operation) . 



14-9 

— 

4 „ .... 



13-8 

1-1 

6 „ . . . ‘ . 



11-6 

— 

9 „ .... 



9-6 

— 

10 „ .... 



94 

1-3 

12 „ .... 



10-3 

— 

14 „ .... 



9-8 

1-2 



Fio. 637. —Blood Changes before and after Removal of Parathyroid Tumour. 

The ordinates represent serum calcium and inorganic phosphate in mg-%. 

The blood was examined for 3 months before and 2 months after operation. The parathyroid tumour 
was removed at the point marked by the arrow. Note the subsequent fall of serum calcium to below 
the normal value of 10 mg-%. Latent tetany developed. (Hunter, Brit, J. Surg.^ 1932, 19.) 

degree in animal fats (e.g. beef suet, milk), and is practically absent from 
vegetable oils [e.g. olive oil) and vegetable margarines (British margarine, 
however, is now fortified with 60 i.u. per oz.). There are two main types 
of vitamin-D : vitamin-D^ (calciferol) and vitamin-D^. Vitamin-Do is formed 
by ultraviolet irradiation of ergosterol, a substance found only in lower 
plants such as yeast, and fungi (e.g. ergot, from which it is named). 
Vitamin-D^ is the naturally occurring substance found in egg-yolk, butter, 
and fish liver oils. It is formed from 7-dehydrocholesterol present at the 
surface of the skin ; activation by ultraviolet light opens ring B to produce 
vitamin-Dg (Eig. 638). The international unit (i.u.)^ of vitamm-D is the 
activity of 0*025 /ig of crystalline vitamin-D 2 (calciferol) : i.e. 1 mg. of 
-^2=40, 000 i.u. 

The vitamin-D content of certain foodstuffs is as follows : cod-liver oil 
average 500 i.u. per drachm ; halibut-liver oil, 50 i.u. per drop ; fresh milk, 
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usually less than 50 i.u per pint ; butter 10;100 i.u. per ounce ; eggs 60 i.u. 
ner yolk of 20 g. The vitainiu-f> content of milk, butter, aiul eggs depends 
on the vitamin' content of the diet and on tlie season, being higher in the 
summer than in the winter. Milk, of course is also rich in Ca and P The 
vitamiii'i) content of the coininon fooclatulls is set out m the tables on 

BequiISnts — No one knows how much vitamin-/) is needed by 
adults • 250 i.u. daily arc undoubtedly adequate. Pregnmit and lactating 
women have larger requirements, as they must supply calcium for the fetal 
skeleton during intra-utcrine life, and lor the milk (P- 1059). Growing chilfeen 
need extra supplies of calcium to form new bone. Both classes (^ e mothers 
^ ^ and children) need 500 i.u. of 

vitainin-D daily to promote the 
necessary calcium absorption. 
Some vitamin-D is synthesized 
in the skin (p. 1011). 1 to 2 
pints of milk and an egg daily, 
plenty of butter, fortified mar- 
garine, and fat fish, may 
supply 300 i.u. If the diet is 
inadequate (as it is in wartime 
and in most countries in peace- 
time), and even if it is adequate, 
pregnant and nursing women, 
and babies after weaning and 
up to the age of seven years, 
should receive supplements of 
vitamiU“i) concentrates (e.y. cod- 
er halibut-liver oil) (efi p. 1064). 

Rickets. — This disease of 
children is characterized by 
bones which are soft from 
deficient deposition of calcium 
salts and are therefore easily bent 
under the weight of the body, so that serious deformities may develop. Further, 
the process of ossification at the epiphyseal lino takes place m an abnormal 
manner. Normally the epiphyseal hue is a wdl-defined narrow strip of 
cartilage 2 mm. deep, behind which regular ossification is ^ 

rickets the epiphyseal lino forma a wide, imgular band, which can be felt as 
a marked projection on the surface. Normally the older 
degenetate and disappear, leaving many spaces into which the Wood vess^ 
and osteoblasts of the shaft can penetrate. In rickets this apparently essent^ 
preliminary degeneration does not occur and so ossihcation is retarded, ike 
cartilage cells persist and go on multiplying, giving rise to a charactenstac 
broad irregular cartilaginous zone. In addition, the matrix between th 
cartilage cells and that of the new bone itself docs not become adequately 
impreliated with lime salts, accounting for the softness of the ^o^®®;. 
of serum caldum or of phosphate or of both %s lower^; in 
product of serum Ca X serum P (each expressed m mg./lOO c.c.) is 3 
(iiormal=60). Serum alkaline phosphatase is commonly raised. 



D'lo. 038. 


—Formation of Vitamin - /)3 from 
7-Dohy(lrocholoatorol. 




MODE OF ACTION OF VITAMIN-D 


1011 


Rickets usually sets in about the sixth month of life, and its intensity is 
directly related to the rapidity of bodily growth. The disease may last for 
several years with final heahng. There is conclusive evidence that the 
disease is due essentially to lack of vitamin-D. 

(i) A condition identical with human rickets is induced in puppies if the 
diet is deficient in the foodstuffs containing vitamin-D. The disease is 
prevented or cured by the administration of cod-liver oil or egg-yolk. In 
puppies over 3 months old it is very difficult to induce rickets. Sii^arly, 
human rickets tends to heal after the age of 2 years, even if the diet and 
environment remain unaltered. 

When a diet has a barely minimum vitamin-Z) content it is found that 
rickets may be precipitated by increasing the cereal content of the food, 
e.g, by giving large amounts of bread and especially oatmeal. The harmful 
agent in cereals is fhytic add, which interferes with the absorption of calcium 
by precipitating insoluble calcium phytate. 

(ii) Ajx examination of the diets of children proves that rickets is associated 
similarly with a deficiency of foods containing vitamin-D, with an excess 
of cereals, and a deficient calcium intake. Prophylaxis and cure result from 
correcting the diet. 

(iii) Ultra-violet Rays. — Palm, in 1890, drew attention to the relationship 

between lack of exposure to sunlight and the incidence of rickets. It is well 
known, too, that rickets tends to appear after the dark winter months, and 
to be healed during the bright summer months. ^ ^ 

Rickets can be prevented or cured without improving the deficient diet 
by exposing the body to the quartz mercury vapour lamp or sunlight. The 
ultra-violet rays are the active ones, chiefly those having a wavelength of 
300 or less. The radiation may be applied to any part of the body, and 
yet can cure the rickety bones generally. The ultra-violet rays act by con- 
verting an inactive sterol {1-d^ydrocholesterol) in the skin, into the active 
anti-rachitic substance vitamin-Ds. [The activity of vitamins-Dg and -D 3 is 
qualitatively and quantitatively the same in man.] 

Mode of Action of Vitamin-D. — The vitamin promotes the ahsorpion 
of caldum and phosphate from the howel. When the vitamin is absent 
adequate absorption does not occur; there is an excessive loss of these 
substances in the faeces, and the caUnum and/or phosphate level of the serum 
falls. The bones are consequently supplied with blood which is deficient iu 
the mineral constituents which are essential for ossification, with the result 
that soft and irregularly formed bone is laid down. The vitamin also acts 
in some more direct manner on the hones, promoting calcification. Adminis- 
tration of the vitamin causes degeneration of the growing carnage cells of 
the epiphysis ; this is followed by invasion of the older cartilage zone by 
blood vessels which bring the necessary calcium salts and thus permit 
ossification to proceed. In a short time the masses of irregularly arranged 
cartilage ceUs of the epiphysis are reduced to the normal short, orderly 
parallel columns. 

There is a seasonal variation in the inorganic phosphate of the serum m 
children ; it falls during the winter, reaching its minimum in March, and rises 
again to its ma’riTnuTu in the late summer. Greater absorption of phosphate 
takes place in the summer owing to synthesis of vitamin-D in the skm by 
ultra-violet rays. 
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The relationship of vitamin-i) to the structure of teeth is discussed on 
p. 1013. 

Tetany may occur as a complication of rickets owing to the lowered 
serum calcium (cf, p. 1007). 

Toxic Effects of Vitamin-D Excess.^ In recent years large doses of 

vitamin-D have been given in the trcatnient of a nuinher of diseases, most 
successfully in lupus vulgaris. The dosage administered to adults, e.g. 5 mg. 
(200,000 i.u.) daily for several months may produce toxic elfccts which 
closely resemble those of parathormone overdosage. In children 1 mg. daily 
may cause similar effects. The symptoms include anorexia, nausea, vomiting, 
headache, drowsiness, polyuria, and polydipsia. Both, serum Ca and serum P 
are increased, as is the excretion of these substances in the urine ; calcium 
is deposited in the heart, large blood vessels, lungs, renal tubules, and in other 
soft tissues ; osteoporosis occurs. Signs of renal failure and hypertension 
may develop. The effects are reversible if vitamin-D administration is stopped 
in time. 

Osteomalacia. 2 — This disease of adults is rarely met with in Western 
countries, but is fairly common in some parts of China, where it affects 
1-3 % of child-bearing women. The disease is limited to the female sex, and 
the symptoms usually appear during pregnancy or the puerperium ; some- 
times the first manifestations appear at puberty. The bones — especially 
the pelvic girdle, ribs, and femora — become soft, painful, and deformed. 
Deformation of the pelvis may be so severe as to necessitate Cmsarean section 
to procure delivery of the child. Symptoms usually recur with each succeed- 
ing pregnancy, but tend to clear up after lactation is completed. 

The diet of these women is very inadequate ; it contains an excess of 
cereals, very little fat, and the calcium content of the food is minimal. The 
'Serum calcium is low, e.g. 6 or 7 mg-% ; the inorganic phosphate of the serum 
is variable — it is low or normal. Administration of calcium salts alone does 
not relieve the condition ; but the administration of cod-liver oil (combined 
as far as possible with an otherwise adequate diet) cures or prevents the disease 
and restores the normal scrum calcium level. 

Osteomalacia thus appears to be a form of adult rickets which is due to 
inadequate absorption of calcium owing to a deficiency of vitamin-D and oj 
calcium in the diet ; the onset of symptoms during pregnancy and lactation 
is presumably due to the demands made by the foetus (which has ** first call ” 
on any available calcium) and by the mammary glands on the calcium reserves 
in the bones of the mother. There is no evidence of disease of the ovaries 
or of the parathyroid glands. Owing to the low level of serum calcium, 
tetany, which may be very severe, is a common complication. It is interesting 
to note that the bones of the foetus show no signs of rickets, but only 
rarefaction (osteoporosis). 

In addition to the form of osteomalacia described above another similar 
disease due also to calcium and vitarain-D lack in the diet may occur in adults 
of either sex who are living under extreme famine conditions. Many such 
cases have been reported from European countries after both the first and 
second world wars. There are also rare syndromes clinically indistinguishable 

^ Anning et al.. Quart. J. Med., 1948, 17, 203. 

* Maxwell, Froc, toy. Soc, Med., 1930, 23, 639. Albright et al.. Medicine, 1946, 
25, 399. 
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from osteomalacia, wliicli are the result of other metabolic defects and not 
of calcium or vitamiU’D deprivation. 


DIET AND THE TEETH 

Structure of Tooth. — Tooth consists of : (i) Enamel, which covers the 
crown, (ii) Dentine or the main substance, (iii) Cement, a layer of bone 
which invests the root, (iv) Dental 'periosteum, which lines the socket and 
so securely fixes the tooth, (v) Pulp (see Fig. 639). 

Enamel, — This consists of elongated hexagonal prisms which are set 
vertically on the surface of the dentine. The prisms are initially fibrous, 
but later on become completely calcified by impregnation with calcium 
phosphate and carbonate. 

Dentine, — This is a dense bone-like substance (but without lactmse or 
Haversian canals) which forms the main substance of the tooth. It contains 
numerous fine tubules which radiate upwards and outwards from the pulp 
cavity and branch and become finer as they proceed. The tubules contain 
processes of the odontoblasts (the superficial cells of the pulp). The tissue 
between the tubules is normally quite homogeneous. 

Cement, — This is a layer of lamellated bone which covers the tooth below 
the point where the enamel stops ; it contains lacunae but no Haversian 
systems. It is covered superficially by the dental periosteum. 

Pulp, — This is a jelly-like tissue containing branched cells, blood vessels 
and nerve fibres. Covering its surface and adjoining the dentine is a continu- 
ous layer of epithelial cells, the odontoblasts, which send processes, as already 
described, into the dentinal tubules. 

Relation of Diet to Tooth Structure.^ — ^Experiments on dogs suggest 
that the factors which regulate the calcification of bone are also concerned 
with the normal development of teeth. When the vitamin-D content of the 
diet is deficient, especially when this is combined with an excess of cereals 
and a shortage of calcium and phosphorus, the jaw bones become soft and 
deformed and all parts of the tooth suffer. The teeth erupt irregularly and 
their surface is rough instead of being smooth and shiny. The enamel and 
dentine are thin and poorly calcified; the dentine shows many irregular 
interglobular spaces (Fig. 640). The diet of the mother during pregnancy also 
has a profound influence on the subsequent condition of the teeth. 

If a tooth is injured, e.g. by fihng.the cusps several times a week for some 
weeks, it displays considerable powers of repair. When the injury involves 
the enamel only, the underlying dentine becomes altered and translucent in 
appearance. T^en the dentine is injured as well, a response takes place in 
the related part of the pulp ; the odontoblasts proliferate and lay down fresh 
hard so-called secondary dentine ” which protects the underlying soft 
tissues. The quality of tMs secondary dentine depends on the adequacy of 
the diet which the animal is receiving durmg the period when it is being laid 
down. 

According to May Mellanby there is ia children too a close relationship 
between the structure of the tooth and its liability to decay {caries), i,e, the 

1 May Mellanby, M,B.O, Sp, Rep,, Diet and Teeth, pt. i, 1929 ; pt. ii. 1930 ; pt. iii. 
1934. Mellanby et ah, Brit. Med. J., 1952, i, 7, 
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tooth which initially is badly formed is more liable to sailer in this way. The 
addition of vitamin-D to the diet and the omission of cereals tend to check 
the progress of dental decay and to promote healing by causing calcification 
of the carious areas. In 10% of cases, however, caries develops in teeth that 
arc structurally sound. It is suggested that though (in this group) the diet 
was adequate when the tooth was formed, it was delective when injury was 



Fig. 639. — Diagram of the Cervical Kogion of 
a Tooth and the Holatod Periodontal 
Tissues. (After May Mcllanby, lOiet and 
the Teeth,) 


inflicted on it ; consequently the normal response did not take place and 
decay occurred. 

The causation of human caries is, however, complex. In the Kangra 
Valley of the Punjab, for example, the teeth of children with gross rickets 
and whose mothers had osteomalacia were remarkably good ; by contrast in 
England children with well-formed bones often have many carious teeth. 

The mechanisms which may be concerned in the production of chnical 
caries are critically discussed by Pincus ^ who has shown that changes in the 
organic constituents of the teeth arc of major importance, especially those 
affecting the dentine 'protein, 

1 Pincus, Brit, med , «/., 1949, ii, 358. 
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Fig. 640.— Effect of Vitamin-D Deficiency on the Structnre of Doga’ Teeth. 

(May Mellanby, Diet and Teeth,) 

A -Lower jaw of puppy that received cod-Uver oil (rich in vitamin-i?). The teeth have erupted regularly 

B -Lower jay of Tpupp^o? the^^me age that received olive oU (no vitamln-B). The enamel is very 

Ai -MicrScopfc structure of tooth of puppy A, N^e the thick S^^cifled. 

Bi-Microsco&c structure of tooth of puppy B. The enamel and dentine are thin and bamy caicmeu. 

The latter shows many interglohular spaces. 

In Ai and B^, E= enamel, B— dentine, P— pulp. 
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THE THYMUS * 

The liliyintis in man develops from the third hramdiial clefts of both sides; 
the two outgrowths come into contact in tlie. middle line in front of the 
traciiea to form a single lohed body. 

Structure, — The thymus consists of lobules made up of an outer deeply 
staining cortex of closely packed lymphocytes, and a eentnil faintly staining 
medulla wliicli consists of large branciied ndhmlmn cells, a. fmv lymphocytes, 
and the concentric corpuscles of 11, assail which consist of a hyaline centre 
surrounded by layers of llattened cells with poorly sta.ining nuclei. 

According to i laimnar, the thymus is an e<d;odernial structunj which later 
becomes iuvadtjd by lymjdmcytes derived from the mesoderm. He regards 
Hassall's corpuscles as epithelial cells which have utulevgoue a peculiar form 
of diflerentiation. 



AGE IN YEARS 

Ficj, 041.— Changes in Weight of Thymus at cliiTerent ages. ( Boyd, A me.r, J. Dis. Child 

ami, fii, m.) 

Factors Influencing Size of Thymus, -(i) Hdntim to Puberty mi 

Gonada.- Tlie thymus continues to eidarge until tht^ age of puberty^ and 

reaches its greatest diivtdopimmt about the ttmUi or tht!i twelfth year; it 
then steadily becomes smaller and atropliiijs as age adva,n(M‘s (Fig. ()41). 

After castratioti in young animals the thymus persists and does not 
undergo its customary involution. It is suggested that the regression of the 
thymus at puberty is due to the internal secretions formed by the now mature 
gonads. 

(ii) Injection of pituitary yrowth hormone caus(‘.s growth of the thymus 
gland in experimental rats, Thei gland is commonly enlarged in acromegaly. 

(iii) Thymus and lymphoid tissue unite with and inactivate thyrotrophin 
(p. 980). the thymus is commonly enlarged in Hraves' disease. 

(iv) Injection of ACTE or adrenal corlicoids rtMluces the lymphocyte 
content of the thymus und lymph nodes. There is a (soincichuit decrease in the 
circulating blood lymphocyteH.*-^ The thymus is enlarged in Addison’s disease. 

The thyii^iiJ^ lyinphoid tissues geuera-lly rapidly atrophy in starva^ 

Hon and states of malnutrition. The change is probably due to increased 

^ Park and McClure, Arrier, J. IHs, OhiUL^ 1910, IH, 917, Hammar, hlmlocrin., 1921, 
5 , 543, 741. Andersen, FhyuoL Rev., 1932, 72, 1 . MoKaohern, Medicine, 1943, 22, 1. 

* YolToy, RioL Rev., 1950. 25, 314. 
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corticoid secretion. Thus intact rats starved for 4 days lose 45% of the 
protein of their lymphoid tissue ; adrenalectomized animals, however, show 
no such loss. It is suggested ^ that adrenal corticoids are secreted in starvation 
and mobilize ” and break down tissue proteins. The lymphoid tissues are a 
rich store of labile protein which is really hydrolyzed to amino-acids to be 
used for the maintenance of more essential tissues and for neoglucogenesis. 

Functions of Thymus. — The only known function of the thymus is the 
manufacture (and possibly the destruction) of lymphocytes. Its responses 
are those of lymphoid tissue in general. Extirpation or injection of extracts 
of this gland in normal animals has produced no significant reproducible 
results. There is no decisive evidence that the thymus forms an internal 
secretion. 

The gland is commonly enlarged in myasthenia gravis \ in some cases 
removal of the gland has resulted in transient or sometimes more lasting 
clinical improvement. It has been suggested that in this disease the enlarged 
thymus may be releasing a curare-like substance (p. 519) ; extracts of the 
removed glands, however, have no such pharmacological action. 

Hyperplasia of Thymus. — There are cases in which the thymus fails to 
undergo involution at the proper time or there is renewal of growth after 
involution has been established. In these latter cases it may attain a weight 
several times that of the normal organ. Such hyperplastic glands are found 
in infants, usually unassociated with general lymphoid overgrowth ; they 
occur in older individuals in connection with derangements of the organs of 
internal secretion, e,g. Addison’s disease, acromegaly, eunuchoidism, in cases 
of myasthenia gravis, and in status thymo-lymphaticus. 

In infants the abnormal thymus may weigh 60 g. at birth, and coptitute 
an obstruction to the respiratory passages or great veins ; in older individuals 
it is doubtful whether mechanical obstruction is often caused by an enlarged 
thymus. A condition called thymic asthma is described, in which attacks of 
suffocation occur which are said to be relieved by partial removal of the 

enlarged gland. -l i. 

Status Thymo-Lymphaticus. — In many young persons who have oiea 
suddenly after some slight injury or infection which seemed in su f ficient to 
cause death, general swelling of the lymphoid structures and enlarpment 
of the thymus are often found at autopsy. It has been supposed that the 
thymic hyperplasia is related in a significant manner to the occurrence of 
sudden death. But the information available is inadequate for any judg- 
ment to be passed. It is claimed ^ that general lymphoid overgrowth 
is not regularly associated with the thyme enlargement m these cases, and 
that there is consequently no justification for the name ‘‘ status thymo- 
lymphaticus.” Others regard the thymic overgrowth as only part of a 

general constitutional inferiority ” of the affected person. In male subjects 
there is a tendency to female secondary sex characters, e.g. scanty hair on 
the face, smooth velvety skin, small external genitals, and rounded txugl^. 
In women the thorax and extremities are slender, the gemtals h^oplaskc, 
and menstruation is irregular or absent. The musculature may be flabby, 
the heart is weak, and the large blood vessels are relatively narrow aDd 
thin-walled. The failure of this inadequate circulatory mechanism may be 

1 White, Recent Progress Hormone Research, 1949, 4, 153. 
a Hamer et aL, J. Pcuth. BcuA,, 1931, 34, 213. 
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one of the important cause« of sudden death in these subjects. There is 
no proof that the thymus is concerned in the production of the various 
clinical manifestations described or in causing the sudden death which may 
occur. It is suggested that incomplete diiTerentiation of the sex glands 
may be responsible for the failure of the thymus to undergo involution, 
and may also account for the other features of the condition. 
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NUTRITION 


THE VITAMINS! 


The term vitamin has undergone important changes in meaning since 
it was first introduced ; as a result it carries with it some imprints of all its 
different meanings. Forty years ago it was beheved that the essential con- 
stituents of a diet were : protein (in amounts sufficient to maintain nitro- 
genous equilibrium in the adult and growth in the young), carbohydrate and 
fat (these three foodstuffs together must be present in sufficient amounts 
to yield the full calorie requirements), certain minerals (inorganic ions), and 
water. But later, when a chemically pure diet of this kind had been prepared 
and administered, the animals died ; natural food, therefore, contains other, 
non-calorie-providing, but nevertheless essential, constituents for growth, 
health, and life. In rats, addition of small amounts of milk to a diet which 
according to the theories then current was adequate (but actually lethal) 
preserved health and restored growth; the unknown essential factors in 
milk were called accessory food factors by Hopkins. In the meantime other 
studies showed that certain other theoretically adequate diets, of which 
polished rice was the main constituent, produced beri-beri ; addition of rice 
polishings ” to the diet cured the disease. The active principle in the rice 
polishings was called a vitamine (i.e, an amine essential to life). When it 
was discovered that few of the ‘‘ vitamines ” were in fact am in es, the word 
was respelt vitamin. The term vitamin gradually came to be defined as a 
substance of unknown chemical composition, probably a complex organic 
compound, which must be present in the food in minute amounts to enable 
growth, health, and life to be maintained. The accessory food factors or 
vitamins were soon divided into (i) fai-soluhle, Le. those present in fats and 
soluble in fat-solvents ; (ii) water-soluble. The fat-soluble were differentiated 
into vitamins--d and -D ; the water-soluble into -B and -0. It was soon 
found that vitamin-B was not a single substance but a mixture of several 
substances ; its title was altered to vitamin-B complex, and the individual 
constituents, as they were isolated, were given distinctive names. Eapidiy 
the chemical identity of the vita min s was worked out and many such sub- 
stances are now known.^ They are : 


Vitamin-.4 


99 

>9 


-D 

-E 

-E 


^All fat-soluble 


1 Harris, Vitamins : A Digest of Current Knowledge, London, 1951. Bicknell and 
Prescott, Vitami'M in Medicine, London, 2nd edn., 1946. Wolbaoh and Bessey, Phyaid. 
Rev., 1942, 22, 233. ^ ^ 

* Most of the vitamins are groups of closely related substances, e.g. vitamin-i? group 

(p. 1009). 
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NATURE 01^ VITAMINS 


Vitaniin-O 

,, -B complex, Thiamine 

Nicotinic Acid 
Ribotlavin 
Pyridoxin 
Biotin 

Pantothenic Acid ^ 

Folic Acid ^ 

Vitamin-'/^ jjj ^ 
a.iul others 

The distinctive cliaracteristic of the vitamins is tlmt they are micro 
nstituents of tlic diet of hii^h l)ioloji:ic,ul activity whic.h cannot be replaced by 
her normal dietary constituents. They app(‘ar to be indispensable for 
rtain specific functions of the body ; in most cases their mode of action 
.s been fairly clearly defined. They do not contribute to the energy of the 
)dy ; in many cases they mobilize energy. 

ttt CH3 

CH2 \-CH««CH-C«CH-CHrCH-CsCH-CH 

I tt CH, c'h3 

y3-CAR0TENE \h3 


Hjt C«3 

o(t \~CH«ftCH-CwCH-CH=CM-C«CH-CH 

cl [' 

cHz ''cHj 


CH3 


VITAMIN A 


H3C CH3 

X 

Hit j:— CH*= 

HaC c 

\h3 

H2 


CHwCH-CwCH-CHzOH 
I I 

CHj CH3 


Fia. (542, — Structure of /i-Caroteno and Vitamin-A. 


Sometimes an mdispensable vitamin for onc^ spe^cies (X) can be synthesized 
Dy another species (Y) the substance in (piestion is then not a vitamin for 
jpeciea Y, Thus ascorbi(; acid is an indispensable vitamin in man ; the rat, 
however, can manage without (Udary ascorbic acid. Both species need and 
use ascorbic acid in their tissues but while man can otily get ascorbic acid 
by taking it in as part of his food, the rat can synthesize it. Another 
example : the bacteria in the intestine synthesize several members of the 
vitamin-S group ; these vitamins are thus supplied to tlie body partly by 
the diet and partly by the irrtcstinal bacteria. If the bacteria arc killed off 
by sulphon amides, signs of vitamiu--6 deficiency may develop because the 
supplies of dietary vitamin are in themselves inadequate. The generalization 
See Emerson and Folkcrs, Ann, Rmu Bioclmiu^ 1951, 20 ^ 550. 
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is as follows : indispensable cbemical compounds or groupings that can be 
synthesized in the body (the body includes its cooperative intestinal bacteria) 
need not be provided as such in the food ; mdispensable chemical compounds 
or groupings that cannot be synthesized in the body must be provided as 
such in the food and constitute the so-called vitamins. 

Vitamin-A, the -B group and -0 are dealt with below. The other vitamins 
are discussed elsewhere -D, p. 1008 ; -E, p. 1086 ; -Z, p. 151. 

Vitamin- A — The vitamin has the formula shown in Fig. 642 ; a closely 
related substance is the hydrocarbon ^-carotene (C40H56) which is readily 
transformed in the cells of the intestinal wall into vitamin-A {C20H3QO, an 
alcohol with a terminal — CH2OH grouping). Both carotene and vitamin“.dL 
belong to the general group of carotenoids, a series of yellow-red pigments 
characterized by alternate single and double bonds along their main C chain. 
Vitamin-A can now be prepared synthetically on a commercial scale. 

As carotene is a precursor of vitamin-A it is often referred to as pro- 
vitamin- A. 

One international unit (i.u.) of vitamin-A is the activity (in animal experi- 
ments) of 0-344 ^g. of crystalliae vitamin-A acetate, which correspond to 
0*3 ywg. of crystalline vitamin-^. One i.u. of carotene is the activity of 0*6 ^g. 
of carotene ; this standard recognizes the fact that dietary carotene has about 
half the biological activity of vitamin- A. The explanation of this lower activity 
may be that vitamin-A is absorbed from the intestine more readily than 
carotene. 

Sources. — Vitamin-A is found as such in the fat of milk and therefore 
in milk products like butter or cream ; in eggs ; in very large amounts in 
liver fat, especially in cod-liver oil and in greatest concentration in halibut- 
liver oil. The vitamin is absent from purely vegetable fats like linseed oil, 
olive oil, or coconut oil, and consequently from purely vegetable margarines. 
All margarine in Great Britain, however, has since the last war been reinforced 
with added vitamin-A (and -jD). Green vegetables and carrots are free from 
vitamin-A but contain variable amounts of carotene. Both the vitamin 
and carotene are stable and can withstand the ordinary processes of cookmg 
and boiling. 

It is difficult to assign precise values to the vitamin-.^ or carotene 
content of the foodstuffs. In the case of foodstuffs of animal origin the value 
varies with the amount of carotene which the animal ingested in its diet ; 
extremely wide variations (up to tenfold) are also found in the vegetable 
foods. The following average values serve as a guide : ndlk, 2000 i.u. 
per pint ; butter, 2000 i.u. per ounce ; one egg, 200 i.u. ; cod-liver oil, 
200-13,000 i.u. per teaspoonful ; halibut-liver oil, 600-7200 i.u. per drop 
(20 fJLg.) ; carrots, 2000-7000 i.u. (as carotene) per 100 g. ; cabbage and green 
leafy vegetables generally, 1000-2000 i.u. (as carotene) per 100 g. : the white 
hearts contain less. 

Requirements. — There is considerable uncertainty about both minimal 
and optimal requirements of vitamin-A. The amounts recommended (per 
day in i.u. of carotene) are : for an adult, 5000 ; young children and dimng 
puberty, adolescence, pregnancy or lactation, up to 6000.^ A diet containing 

^ Morton, Ann» Reps. Chern. Soc. for 1949, 46, 244. 

* These values hold when all the vitamin is a dmini stered in the form of its precursor, 
Le. carotene ; about half these amounts are needed if the vitamin is given as such. 





RELATION OK VITAMIN-./ TO VISION 


>i half-pint of milk, 1 oz. of l)ntU»r or vituiuini/.o<l mnrmiriiH*, and a good 
portion of grooii vegetablovM or carrots daily .should he ad<‘(|uat(‘ for minimal 
needs. If the milk ration were in(uva,.sed to one pint daily and cod- or halibut- 
liver oil were added optimal needs wmdd he <*a.,sily ruet;. 

Absorption. — Vitamin-.I and <airoiene ar<‘ ahsiudasl from the small 
intestine together with fa.t (f). 8()3) ; th<^ fat. aids .as a '' carrier for the fat- 
soluble vitamin-^ and fa-t-soluble caroUme. 

Relation of Vitamin-.l to Vision. The photot ropism of plants (u 
their tendency to bend towards the light) and tlu^ similar phenomenon of 
free-swimming lowly animal forms moving towards tin* light depends on the 
action of the blue end of the light spe<d.rum ; these waves are absorbed 
by a group of yellow pigments, the carotenoiils, whudi constitute the 


A B 



Fia. 643.— Comoal Changes in Vitanun-A I)di<noticy. 

(E. Mollanby, Nutrition tmd JHmase, 1934.) 

A Section of normal cornea. B'»' Cornea from a rabbit fed on a diet detldeut In Vitamin - a and carotene. 
Note thickening and kerutInl«atIon of the epit helium of the cornea In U. 


“ chemical eye of anatomically eyeless plants or invertebrates. In the 
vertebrates carotenoids arc found in the anatomical eye, both in the rods 
and in the cones. 

(i) Rods . — The rhodopsin (visual purple) of the rods is a red-coloured 
carotenoid pigment which is conjugated with protein. Under the influence 
of light, rhodopsin is split into a colourless protein and the. yellowish compound, 
retinene, which is the aldehyde of vitamin-/!. Bubsequeutly this retinene is 
converted into vitamin-/!, which in turn is combined with protein and recon- 
verted into rhodopsin. 

(ii) Cories . — Carotenoids have been extracted from the macula. In 

chickens the pigment is a violet substance called iodopsin : from the yellow 
spot (macula lutea) of man a pigment has been extracted, said to resemble the 
xanthophyll of leaves, which has the empirical formula C,oH,,(OH),, ^ 

It is clear from this work, that carotenoids, including vitamm-Ji are 
related to mammalian vision. 

Dark Adaptation, — On passing from a brightly illuminated to a dark 
environment, the speed of dark-adaptation (i.e. the ability to see better in the 
dark) depends on me speed of reformation of the broken down visual purple; 
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such adaptation is impaired in vitamin-^ deficiency. Dark-adaptation is 
tested as follows :the eyes are brightly illuminated and the light switched off. 
One of two measurements is then made : (a) the time that elapses before an 
object of standard brightness is seen ; (/3) the degree of brightness necessary 
for an object to be visible at the end of a fixed time. Though the results are 
considerably Muenced by the ^psychological condition of the subject, depressed 
dark-adaptation (i.e. below normal standards) is the most sensitive index 
of human vitamin-.^ deficiency. 

Results of Vitamin-^ Deficiency. — ^Animal Experiments. — ^Yitamin- 
A lack produces striking and characteristic pathological changes in experi- 
mental animals. Y oung rats fed on a diet complete in all respects except for 
the absence of vitamin-.^ cease to grow, lose weight, and finally die. It 
should be stressed that lack of any one of the vitamins arrests growth in 


A 



Fig. 644. — Xerophthalmia following Vitamin - A Deficiency. (E. Mellanby, 
Nutrition and Disease, 1934.) 

A “Normal eye. B “Affected eye. 


young animals. Fully grown animals deprived of vitamin-^ may survive 
for months, but finally succumb to some intercurrent infection, 

Strildng pathological changes are found e]^erimentally in the eyes, intes- 
tine, and respiratory tract. The outstanding histological feature is the 
tendency for stratifi^ epithelia to become greatly thickened and for columnar 
epithelia to he transformed into transitional or stratified epithelia. 

(i) Eyes . — The lachrymal glands cease to produce tears. The corneal 
epithelium becomes thickened, dry and wrinkled (Fig. 643) and secondarily 
may undergo necrosis or become infected. Inflammatory processes occur in 
the conjunctiva and may involve the anterior and posterior chambers of the 
eye, leading to complete blindness (Fig. 644). The eye disorder is referred to 
as xerophthalmia, and is a specific sign of experimental vitamin-.^ deficiency. 

(ii) Alimentary Canal . — The cells of the sahvary glands do not secrete, 
and appear shrunken ; the epithelium of the ducts is proliferated and the 
lumen is partially occluded. The mucus-secreting cells of the intestine are 
atrophied and the tips of the viUi are necrosed ; masses of bacteria may be 
found filling the lumina of the glands. 

(iii) The upper respiratory tract, particularly the nasal passages, trachea, 
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and bronclii, allows a transtbnnat.ioii of Uin lining' (‘ells into n stratifi d 
epithelium of flattened colls whitfli iind(U’£io extcMisive keratinixation. rSimilft 
changes occur in the nujina (p. 1()S7) ;ind ijutus.] ^ 

(iv) Resufanco to IvJevtioH. As a n‘sult ni‘ tin* struct. oral changes in manv 

epithelia and other tissiu's t heir loml resiatatu'r to iufertimi is r(‘(iuced. Prom 
these sites, organisms may pass into tin* blood stnsam ; in’orn'liopneunionia 
enteritis, and inflamnnition of tlu‘ eyes may dt'vcdoj) and pr()V(‘, fatal. In 
mice fed on a diet deli(dent in vitamim/l, the int.roduclion of suitable mealed 
doses of mous(vty})hoid baivilli nniy giv(‘ a. mortality rate of 80“100y 
When the ex])eriment is r(‘pcate(l on mic(^ bal oti the, sanu^ diet but with the 
addition of large am<mnts of vit-amim/l, the mortality rate is only 10-*20y 
though in all external appea, ranees the two batelnss of nliee may appear equally 
normal. ^ 

(v) Vitamin-/! (hdiciency in dogs hauls t.o marked ovm’growtii of certain 
bones, especially tlie skull and vertebral column. Owitig ho the resulting 
com])ression of the spinal ixaits and <M’aniiil nerv(‘s complc.x nervous symptoms 
develo}). Vitamin-/! may be a factor rcgulatitig normal bone growth.^^ 

Studies in Man,- -Kxceiumkntal Puiie Vitamin-/! Dmeioiency.— 

Twenty volunteers were kept for long periods on a di('t fre(‘ from vitamim/l 
or carotene. Many investigations \\m\ carri(‘-d out hut tln‘- only positive 
finding was an im])airment of dark adapfatlon (p. 1022). very different 
results in animals un<l the clinica-l findings to be (bsscribcHl below may be due 
in part to species diflerencses, the duration of the dcdiciency and the presence 
of other conditioning factors, c.//. nuiltiph'. dcflciencitss or inflections. 

Clinical Findings.— (i) Xero])h(hatnrm," A^^^ a,ssocia4;on of this con- 
dition in man with vitamin-/! deficiency is firmly estai)iishe(l. In Denmark, 
during the first world war, the fats rich in vitainim'd wm‘e exported, and 
the populace lived largely on margarine and skimmed milk ; several out- 
breaks of xerophtlialmia and bronchopneumonia were reported. Fifteen 
hundred cases of xeru])hthalmia occurred in .ra|>a,nese children who were 
fed on inadequate diets ; the condition was (uirtMi by the administration 
of cod-liver oil. 

(ii) Skdn Oluuiges in the ,skht often occur in vitaiuin-/! deficiency 

in man. Thus, in many gaols, asylums, hospitals, a.nd schools in Africa, 
China, and Ceylon the inmates frequently suller from drym‘.ss of the sl^ 
and papular eru])tions duo to destrmstion of tlu^ duet-s of the sweat glands 
and the hair follicles ; the condition is called '' toad skin in Ceylon, It 
usually ])recedcs the development of xerophthalmia, and like tlie latter 
condition it is ra])idly cured by means of e,od-Iiv(*r oil. 

(iii) Infections, — There is no clear eviden(‘e. that vita-min-/! lack m man 
lowers resistance to the common infections ; exetsss viiamin-d certainly does 
not raise general immunity above normal. 

Vitamin-jB Group.— This grouj) consists of a series of water-soluble 
organic substances which are found in all the tissues of all species from the 
bacteria, protozoa or yeasts up to the highest mammalian forms. Most 
of the members of the group are constituents of funda-imaital tissue enztjme 
system, e.g, those involved in the oxidation of the foodstults, and are there- 
fore indispensable for the normal functioning of ail tissues. As might be 

^ E. Mollanby, Proc* roy, Soc, R,, 1944, 132, 

* Brit, Med, Res, Council Sp. Hep,, 1949, iSeries 264. 
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THIAMINE (ANEURIN. VITAMIN-Bi) 

expected, the best studied members of the group, Le, thiamine, riboflavin, 
and nicotinic acid are generally found together in foodstufife but not necessarily 
in the same proportions. Most members of the vitamin-JS group can be 
synthesized by the intestinal bacteria (cf. p. 835). 

The chemistry, requirements, and functions of each member of the -B 
group are discussed below. The results of vitamiu-j9 deficiencies are considered 
on pp. 1029 et seq, 

I, Thiamine [Aneurin. Vitamin- 
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Fig. 645, — Structure of Thiamine (Vitamin-jBi). 

The molecule (shown in Fig. 645 as the hydrochloride) contains a pyrimidine 
and a thiazole (sulphur-containing) ring system. The international unit is 
equivalent to 3 jUg. of thiamine. 

SouKCES. — The best sources are cereals^ pulses, and yeast In the cereals 
thiamine is found mainly in the germ and bran. Whole-meal flour prepared 
from the entire grain, or flour of a high degree of extraction contains much 
more thiamine than fine white flour (p. 1058) ; likewise, so-called polished 
rice {i,e. rice from which the husk has been removed) is deficient in thiamine. 
The vitamin is uniformly distributed in the pulses (peas, beans, lentils). It is 
present in small amounts in meat, milk, and vegetables. The synthetic 
vita min is available commercially. 

Properties. — Thiamine withstands procedures such as drying, pickling 
or brewing without loss of potency. Cooking processes such as a short period 
of boiling at 100° C. are not harmful, but rapid destruction takes place in the 
autoclave at 120° 0. Canning in an alkaline medium leads to serious damage 
to the vitamin owing to its oxidation to thiochrome. In the dried form the 
vitamin is very stable and withstands heating at 120° C. for as long as 24 
hours. 

Requirements. — The amount of thiamine needed by the tissues (in the 
form of diphosphothiB.mm.e is directly related to body weight, the metabolic rate, 
and the level of physical activity, and depends on the composition of the diet. 
As thiamine is specifically employed in carboliydrate utilization the amount 
required is directly related to the amount of glucose which the diet yields. 
For simplicity of calculation the protein intake is added in with the carbo- 
hydrates and the combined calorie value is called the non-fat calories (N.F.C.). 
33 
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Hinical studies have shown that when the daily thiainiiie intake exceeded 
*47 mg. per KXX) N.B\0., heri-beri did not ocrnr. 'rin» minimum intake 
llovving a margin for safety, is estimated at O-thi mg. ptn* lOOO N.F.C. ; tke 
)tal daily minimum intake on an average diet eontahung lit)(K) Oal of wHck 
ver 2000 Cal. are dcrive<l from non-fat souret^s would thus be about 1*5 mg. ; 
he optimal total daily intake udght be 2 mg. When tht^ H.M.R. is raised 
in febrile states) and in people tloing hard manual work, a. larger intake 
i needed. It nuist always he borne in mind, howtw’er, that thiamine is syn- 
hcsized in unknown and variable amounts by tlu' intestinal bacteria. Signs 
»f thiamine lack can be ])reeipitated on what appts'irs to be an adequate diet 
►y administering sulphaguanidine and related sulphonamides which MU off 
lie intestinal bacteria. 

R6lk in Tissues. — In the tissues thiamine is found in the phosphorylated 
orm as dvphosfhothimnim, which is a eoeni^yme for rt^actions which involve 
lecarboxylation of acids. Such decarboxylations (and the reverse process 
lallcd OO 2 fixation) play an important part in the dissimilation of the 
netabolites which enter the common metabolic pool 'fhe reactions in which 
liphosphothiamino is involved are : 

(i) i^yruvic acid^Acetic acid f CO^ (p. 

(ii) Oxaloacetic acid^Pyruvic acid fAX)*^ ('‘carboxylase** reaction, 

p. 850). 

(hi) Citric acid^a-Ketoglutario acul-hCOa (p. 851). 

(iv) a-Kctoglutaric acid^^Succinic acid f COj, (p. 852, Pig. 559). 

All these reactions are stages in carbohydrate vlilizaf um. It will be recalled 
)hat the brain and probably all nervous tissues use blood glucose as their 
)rimary source of energy. It is not surprising to ilnd that carbohydrate 
nctabolism (especially in the brain) is derangcul in thiamine deficiency 
:p. 1030). 

In thiamine-deficient pigeons pyruvic acid aeimmulates in the brain, 
especially in the brain stem, liecause it cannot be disposed of ; the concentra^ 
don of pyruvic acid also increases in the blood and cerebrospinal fluid. If 
diiamine is added to a brain slice from such a bird the pyruvate rapidly 
lisappears. 

2. Nicotinic Acid Amide [Nicotinamide]. 


Nicotinio acid. 
j/\COOH 


Nicotinio acid amide. 
/\ CONU, 


N 


N 


Sources and Requirements. — The richest sourccvs are liver (15 mg-%), 
kidney, and yeast ; meat is a valuable source containing 5 mg““% : the other 
important sources are whole meal flour and green vegetables ; milk contains 
only 0.08 mg-%. Of the cereals, onaize contains least nicotinic acid. The 
daily need is thought to be about 10 mg. It should be emphasked that 
nicotinic acid is synthesized by intestinal bacteria. Nicotinic acid is un- 
affected by cooking. 

R6le in Tissues. — Nicotinamide (which is a pyridine derivative) is 
found in the tissues as a nucleotide, diphosphopyricline nucleotide (DPN), 
usually called coenzyme-I (Co-I), formed by the combination of adenino 
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ribose, phosphate, and nicotinamide (Fig. 552, p. 841). There is also a cor- 
responding inphosphopyridine nucleotide (TPN), comzyme-ll (Co-II). 

Coenzymes-I and -II are the coenzymes for oxidative enzymes {dehydro- * 
genases) ; the coenzymes act as intermediate carriers for the hydrogen 
(2H) released from various substrates by the dehydrogenase enzymes (p. 840). 

Co-I is the coenzyme for the following reactions, among others : 

(i) Lactic acid->-Pyruvic acid+ 2 H (p. 849). 

(ii) Pyruvic acid+HaO-^Acetic acid+C 02 + 2 H (both an oxidation and 

decarboxylation, p. 850). 

(iii) j5-Hydroxybutyric acid->Acetoacetic acid+2H (p. 869). 

Co-II is^the coenzyme for the following reactions, among others 

(iv) Citric acid->^-Ketoglutario acid+C 02 + 2 H. 

(v) Glutamic acid+HgO-^i^-Ketoglutaric acid-f-NHg-f 2 H (both an 

oxidation and deamination, p, 885). 

All the reactions are shown as a loss of 2H from the substrate on the left, 
the 2 H being passed on to the coenzyme, which is thus converted to the 
reduced form : 

Co-I-f 2 H — )^Co-I. 2 H. 

The same enzyme and coenzyme systems are required by the reactions in 
reverse, i,e. when reduction of the substrate is ta&g place and the reduced 
coenzyme is being reoxidized, e,g , : 

CO-I. 2 H— ^Co-I+ 2 H 
2 H- 1 -Pyruvic acid — ^-Lactic acid. 

The nicotinamide-containing coenzymes are thus concerned with many 
of the important energy-producing reactions of metabolism. Nicotinamide 
(or nicotinic acid) deficiency leads to metabolic disturbances in many tissues ; 
as might be anticipated, the nervous system is gravely involved. Pellagra, 
the main clinical syndrome of nicotinamide deficiency, is discussed on p. 1037. 

3. Riboflavin. — Soueces and Requirements. — The international unit 
is equivalent to 3 /^g. of riboflavin. The main sources are again meat, mdlk, 
and wholemeal flour. Clinical studies show that signs of riboflavin deficiency 
occur when the daily riboflavin intake is 0-2-0-3 mg. per 1000 total Cal. ; 
an intake of 0-35-0*5 mg. per 1000 total Cal. is adequate. On an average diet, 
a total riboflavin intake of 2 mg. daily is probably adequate ; more is needed 
when the metabohc rate is increased. Riboflavin is synthesized by intestinal 
bacteria. 

Structure. — Riboflavin is a yellow-^een pigment consisting of a flee- 
ring system (iso-alloxazine) combined with an alcohol derived from ribose 
{ribitol) (Fig. 646). 

ch2.(choh)3.ch20h mM ) 


CH3 N N 

\/\/\/\ CO 
! I II I i^^o-alloxazine) 

A yv A ✓JMri 


CH 3 N CO 

Fio. 646. — Structure of Riboflavin. 

R6le in Tissues. — In the tissues riboflavin is found as a dinucleotide 
made up as shown on p. 1028, 
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Isi.-alloxfiziue Adenine 

llil!itol--PlioHphate— Phosphate -Ilihose. 


Tills substance is called llaviu-adenine-ilinucleotlde (FADN), or, for 
brevity, yZrt'fiM. ~ , 

Flavin is the prosthetic group ot a number of (liiuidnigi’tme enzymes 
(the jlmwpmtdus) (p. Hbl). These eiizyines catalyse, the release of 2H from 
various substrates, and their (laviii group acts as a temporary hydrogen-carrier. 
The hydrogen is passed from the ilaviu to the cytochromt>s (p. 854), and 
thcncc finally to reactions with molecular oxygen t,o give water. In particular, 
those oxidation reactions requiring coenxynies-l or -II as initial hydrogen- 
carriers (pp. 840, 854) require llavoprotcins as the next hydrogen-carrier of 
the chain leading to molecular oxygen. 

As llavin occujhes a key jiosition in reactions leading to the oxidation of 
hydrogen to water, one would ex{)cct that dietary delicieucy of riboflavin 
would lead to dramatic ilisturbances of function. 'I'lie actual changes 
observed clinically are described on p. 1084 ; the.y are far less striking than 
might have been anticipated from the metabolic findings recorded above. 

Certain other members of the vitamin-if group should be noted, though 
their rfde in man is still obscure. 

4. Biotin.^-- -I ts formula is shown below. 


0 

II 

. 0 . 

HN Nit 

1 1 

HC CH 


10 OH— OllaOl taClI sGOOH 


Biotin (or a derivative) partici|»ates in many 00.^ lixation re.aotions, particu- 
larly the carboxylase reaction leading to astiartic acid. 

5. Pybidoxink.-- I ts formula is shown below. 

CH,0H 

HOOH, |''Yo« 

N 

Pyridoxine and its derivatives (the vitamin-/!,, group) act as coenzymee 
for transamination reactions (p. 885). 

Nothing is known about the effects of pyridoxine. insulUcieucy in man. 

6. Pantothenic Acin. — It is concerned (as a dinuclcotide, referred to as 
Coenzyme A) with acetylation reactions (p. 874). 

7. Folio Acid and ViTAMiN-i/u. — See p. 198. 

^ Vigneaud, Science, 1942, 96, 456. 
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Results of Vitamin-B Deficiency. — Aa the members of the vitamin-^ 
group are generally foimd together in foods, isolated deficiency of any single 
member of the group rarely occurs clinically, though it has been produced 
experimentally. In the common clinical condition of multiple deficiency the 
signs of some one single deficiency may predominate and mask the results 
of the other deficiencies. If the outstanding deficiency is made good the 
latent deficiencies may become manifest in the appearance of new symptoms. 
It is necessary, therefore, to establish first the clirdcal picture of single 
deficiencies before considering the naturally occurring clmical syndromes 
which probably all involve multiple -B deficiencies. 

Thiamine Deficiency in Man.^ — ^V ery Severe Deficiency.^ — T he 
effects of pure thiamine deficiency have been studied in a few women. The 
extremely unattractive diet that had to be employed consisted of white flour, 
sugar, tapioca, starch, cheese, butter, hydrogenated fat, tea and cocoa, with 
added vitamin-O, hahbut-hver oil, iron, calcium and autoclaved brewer’s 
yeast (to supply other members of the ~B group) ; the daily thiamine intake 
was 0T5 mg. After two weeks the first symptoms appeared, consisting of 
fatigue and loss of appetite ; during the second month there was decreased 
activity, apathy, nausea, decreased food intake, and a fall of blood pressure. 
During the third month the consumption of food was further decreased (the 
calorie intake was then under 1500 Cal.) and the body weight fell slightly. 
There was dizziness, the heart rate was slow at rest but excessively rapid on 
exertion, the voltages of the electrocardiogram, especially the T wave, were 
decreased ; uncontrollable vomiting occurred ; the motility of the stomach 
and large intestine was diminished. There was a greatly decreased capacity 
for work, weakness in the legs, and decreased reflexes. Some of the subjects 
became very depressed and showed other mental changes ; they complained 
of soreness of the muscles and numbness of the legs, muscular flaccidity, 
precordial distress, and dyspnoea. 

The clinical picture of acute thiamine deficiency can be made clearer by 
giving details of the symptoms in one active, vigorous, and industrious 
woman subject. 

At 30 days : no appetite ; weakness. 

At 70 days : nausea constantly present ; weakness severe. She only 
carried out hght duties and often did not complete her tasks. She was 
apathetic and confused, and at times complained of numbness and tingling in 
the legs. 

At 90 days : spontaneous exertion almost ceased. Tactile sensibility was 
impaired ; the muscles of the calves were tender ; she could not get up 
readily from the squatting position. 

At 110-120 days : no appetite, nausea^ vomiting ; apathy, vagueness and 
confusion were conspicuous. B.P., 110/65. Heart rate, 55-65 at rest, 
90-120 on slight exertion. Impaired sensation of pain, tactile localization and 
discrimination over the legs ; vibration sense impaired at the ankles. All the 
leg movements were weak and the quadriceps extensors were almost completely 
paralysed. The knee-jerk and the ankle-jerk were absent. 

It wiU be noted that signs of organic changes in the newous system 
(anaesthesia, loss of reflexes, and paralysis in legs) made their appearance 
late ; they resemble the neuritic changes found in beri-beri. Attention must 
1 Williams et at.. Arch. int. Med., 1940, 66, 785 j 1942, 69, 721 ; 1943, 71, 38. 
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be drawn to the absence of oedema, cardiac dilatation, or changes in the skin 
and tongue. As might be expected, the rapidity of development of the 
symptoms varied to some extent with the degree of muscular activity. The 
terminal state, especially the nausea, vomiting, and mental changes, resembles 
the findings in cerebral beri-berL 

The symptoms described can probably be attributed solely to thiamine 
deficiency. The addition of thiamine, without any other change in the 
diet, produced improvement which was sometimes sudden, but commonly (if 
organic changes had developed) very gradual. Thus, a single injection of 
1 mg. of thiamine rapidly relieved some of the symptoms : the nausea and 
vomiting ceased ; the diet which had previously appeared revolting was 
eaten freely ; and apathy disappeared. With sustained intensive thiamme 
therapy (e.g. 15-60 mg. of thiamine daily) strength returned, the mental 
state brightened, and the signs of organic nerve damage very slowly cleared 
up. If the subject was put on a thiamine intake of 0*95 mg. daily, recovery 
days of restwction of thiamine 



MINUTES AFTER INJECTION OP DEXTROSE 
Fio. 647. — ^Metabolic Changes in Acute Severe Thiamine Deficiency. (Williams 
et ah. Arch, int. Med., 1943, Tl, 46.) 

Changes in blood pyruvic acid after intravenous injection of test dose of glucose. 

Continuous line : normal response. Dotted line : response lifter 0 , 05, 83, 116 days of thiamine 

deficiency. 

was partial ; on a daily intake of 2 mg. full recovery finally occurred and 
sometimes unusual vigour was disjplayed. These last data are a guide to 
minimal and optimal tiuamine requirements in man. 

Biochemical Changes. — On a normal thiamine intake, the blood thiamine 
level is 3-9 iMg-% ; one-third of any injected tiuamine is excreted in the urine. 
After ingestion or intravenous injection of glucose there is only a very slight 
rise in the level of blood pyruvic acid (normal 0*5-l'0 mg-%) (Fig. 647). 
In severe thiamine deficiency, e.g. on an intake of 0*1 mg. per 1000 Cal., the 
blood thiamine level fell to under 3 gg -% ; the excretion of thiamine in 
the urine progressively declined to zero after the 10th day. As previously 
mentioned (p. 1026), in thiamine deficiency carbohydrate metabolism in part 
stops short at the pyruvic and lactic acid stages ; ii glucose (0*4: g. per kg.) is 
injected intravenously the blood pyruvic level rises temporarily to an abnorm- 
ally high level (up to 2-3 mg-%) (Fig. 647), as does the blood lactic acid. 

Moderate Thiamine Deficiency. — The effects of a thiamine intake of 
0*45 mg. daily (less than 0*2 mg. per 1000 Cal.) were studied in 11 normal 
subjects for periods up to 131 days. For the first 56-84 days the symptoms 
consisted mainly of changes in the mental state and subjective nervous mani- 
festations. The subjects became irritable, depressed, quarrelsome, or fearful 
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that some misfortune was about to befall them ; two subjects felt that life 
was no longer worth living and threatened to commit suicide. Work was 
inefficiently done ; they carried out instructions in a dull and confused 
way, dropped their needles during sewing and broke the crockery while 
wasliing up. They were full of complaints of headache, backache, sleepless- 
ness, painful menstrual periods and a frequent feeling of numbness in the 
hands and feet. The appetite was poor, and nausea, vomiting, and epigastric 
distress were present from time to time. Attention must again be drawn to 
the resemblance between the changes just described and those of mild cases 
of cerebral beri-beri (p. 1036). Gastro-intestinal motility was radiographically 
normal. There was some ancemia {e,g. red cell count, 3-3*5 million) of a 
macrocytic hyperchromic type, accompanied by hyperplasia of the red bone 
marrow. The plasma protein concentration was lowered {e,g, to 5%) ; this 
fall was sometimes associated with a slight pitting oedema. Body weight did 
not decrease. 

Eecovery occurred very slowly with intensive thiamine therapy. 

Clinical Vitamin-JB Complex Deficiencies. — The principal clinical 
syndromes resulting from lack of the vitamin-B complex are summarized below : 

Beri-beri : due primarily to thiamine lack. Three main clinical t 3 q)es are 
recognized : (i) neuritic (dry) ; (ii) cardiac (wet) ; (iii) cerebral (Wernicke^s 
encephalopathy). 

Pellagra : due mainly to lack of nicotinic acid ; a high maize diet is often 
an aggravating factor. 

Aribojlavinosis : the chief changes attributed to riboflavin lack are 
angular stomatitis, glossitis, scrotal dermatitis, keratitis, defective vision from 
retrobulbar neuritis, and painful feet. 

Mixed Syndromes of -B 2 Avitaminosis : the term vitamin- JB 2 is often used 
to refer to the members of the vitamin-jB complex other than thiamine 
(r=vitamin-jBi). The varied clinical manifestations are due mainly to lack of 
nicotinic acid and of riboflavin. 

It is interesting to note that when a large population is exposed to a 
multiple avitaminosis some develop beri-beri, some pellagra, some aribo- 
flavinosis, and some develop pecuhar disturbances not falling exactly into any 
of these categories. As will be explained beri-beri and pellagra may involve 
many organs or systems ; in individual cases the disturbances may^ affect 
predominantly one or other organ. The reason for these wide individual 
variations in response to a common dietetic deficiency is quite unknown. It 
should also be emphasized that clinically vitamin-B deficient diets are 
commonly unsatisfactory in other respects ; they may be lacking in protein, 
salts, or other vitamins also. 

The Singapore Captivity.^ Much was learnt about the effects of 
Vitamin-B lack from a study of the tra^c experiences of some 35,000 British 
prisoners of war in Singapore who withm a few days of I5th February 1942, 
changed suddenly from normal adequate British rations to a grossly inadequate 
diet consisting mainly of polished rice. The J apanese daily scale of rations for 
prisoners was in g. : poHshed rice 500, fiour 50, sugar 5, cooking fat, 5, meat 
or fish 50, fresh vegetable 100, canned milk 15, salt 10, tea. The full ration 
was frequently not issued. The calorie value was 2100-2500. For the first 3 

1 Smith and Woodruff, Deficiency Diseases in Japanese Prison Gamps, Brit med. Bea. 
Council Sp. Rep,, No. 276, 1951. 
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years of the years’ captivity the diet was not seriously short of protein, fat, 
Ca, P, vitamin'^ and -C ; but in the last 6 months there was semi-starvation 
as the total calorie intake fell to 1500-2000. For long periods, however, the 
diet was deficient in vitamin-i? complex, certainly in thiamine, riboflavin, 
and nicotinic acid. The dietary deficiency was aggravated by epidemics of 
dysentery which probably led to additional loss or destruction of the JS- 
vitamins in the bowel. 

The main results of this study are summarized in Figs. 648-651. Fig. 648 




Fig. 648. — ^Incidonco of Beri-Beri in Kelation to Total Calorie intake and to intake 
of Vitamin-B, (Thiamine) in mg. per 1000 Non-Fat Calories among British 
Prisoners of War at Singapore throughout Period of Captivity. (Burgess, 
Lancd,^ 1946, ii, 412.) 

shows the relationship between the incidence of bcri-beri and the thiamine 
intake (in mg. per 1000 N.F.C.) throughout the period of the captivity, i.e. 
from March 1942 to September 1945. During the first seven months, the 
thiamine intake was 0*2-0'3 mg. per 1000 N.F.C,, and numerous oases of 
beri-beri (neuritio, cardiac, cerebral and mixed) occurred (Fig. 649). The 
first cases made their appearance after a latent period of six weeks. Between 
November 1942 and May 1944 the thiamine intake was higher (0-4r-0‘6 mg. 
per 1000 N.F.C.) and oases of beri-beri were rare. Later in 1944, as the 
thiamine intake fell again to 0*2'-0-3 mg. per KXX) N.F.O., cases of beri-beri 
became increasingly numerous, (Edema was now the commonest sign, often 
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unaccompanied by neuritic cbanges. Up to this time prevention and cure 
were obtained by administering thiamine or yeast extract (which contains 
the whole ~B complex). A sudden large intake of carbohydrate [e.g, polished 
rice) in prisoners who had been previously starved often precipitated the onset 
of signs of beri-beri, because the low thiamine intake was inadequate for the 
large carbohydrate utilization. 

After March 1945 the feeding arrangements failed and the prisoners 



Fig. 649. — ^More detailed Analysis of Incidence of Beri-Beri 
(non-cerebral and cerebrsd) in Kelation to intake of 
Vitamin-Bi (Thiamine) in mg. per 1000 Non-Fat Calories 
among British Prisoners of War at Singapore during first 
Outbreak (Wardener and Lennos, Lancet, 1947, i, 14). 

The threshold value of 0*3 mg. of thiamine per 1000 non-fat Calories is 
probably set too low. Cases occurred when the thiamine intake was 
0*36 mg. ; no cases occurred when the thiamine intake exceeded 
0*47 mg. per 1000 N.F.C. 

suffered from partial starvation ; the total calorie intake was 2000 Cal, the 
protein intake fell to 40 g. and the dominant finding was famine oedema ^ 

^ There is an interesting reference to famine cedema in Macaulay’s essay on Southey’s 
Colloquies, He quotes Magendie (from J. de Physiologie experimentale) on “ a point of 
physiology connected with the great distress in France in 1817” to the effect that the 
inhabitants of certain departments “ were reduced first to oatmeal and potatoes and at 
last to nettles, beanstalks and other kinds of herbage fit only for cattle ; that when the 
next harvest enabled them to eat barley bread many of them died from intemperate 
indulgence in what they thought an exquisite repast ; and that a dropsy of a peculiar 
description was produced by the hard fare of that year.” Famine osdema is fully discussed 
in Keys ef al., Biology of Human Starvation, Minneapolis, 1950, voL ii, 921. 

33 * 
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which appeared in emaciated i>atients and was resistant to vitamin-£ 
treatment. 

Fi^s. 650 and 651 show the inchhmce of the syndromes which were 
attributed to vitamvnrB.^ lack. I’he -ll, syndromes showed two peak periods 




Fig. 650.— Eolation of intake of Nicotinic Acid and Eibollavin to incidence of 
Vitamin-Ejj Dellciency Syndromes among Eriaonors of War at Singapore. 
(Burgess, JL^ncet, 1946, ii, 41Ii.) 

Intake of Nicotinic Acid and Riboflavin Is expressed us mg, per 1000 total Calories in diet. 


of incidence. The first occurred early in the captivity ; it appeared after a 
latent period of two and a half months and lasted longer than the associated 
beri-beri outbreak, persisting until mid-1943. The second peak occurred in 
late 1944 and its time course did not coincide with the second beri-beri 
outbreak. Fig. 660 shows that the various sy^ndromes did not follow the 
fl am** time course either. The hyporiboflavinosis triad,” i.e. angular 
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stomatitis, glossitis and scrotal dermatitis, appeared first, followed hy aching 
(painful) feet, keratitis and paraplegia, and still later by retrobulbar neuritis. 
A second outbreak of the ‘‘ triad ” occurred in 1944. In the main the incidence 
of these signs coincided with a low ribofiavin intake (0*2-0*3 mg. per 1000 
total Cal.) ; the nicotinic acid intake was adequate. The aching feet are 
attributed to a complex deficiency.^ The incidence of pellagroid skin 
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Fig. G51. — ^Time Belationship of Peak Incidence of Various Vitamin-B Deficiency 
Syndromes among Prisoners of War at Singapore during first Outbreak, March 
1942-July 1943. (Waxdener and Lennox, Lancet^ 1947, i, 15.) 

** nyporiboflavinosis ” =aiigiilar stomatitis, glossitis and scrotal dermatitis. Painful (aching) feet, 
granular 'cornea (keratitis), and retrobulbar neuritis are also attributed wholly or partly to 
riboflavin deficiency. 


rash also showed two peaks which coincided with a low nicotinic acid intake. 

The clinical findings in beri-beri and pellagra are summarized below. 

Beri-Beri. — (1) Neuritio (dry) form. — The spinal cord and peripheral 
nerves are chiefiy involved. Lesions are present in the ventral horn celk, 
dorsal root ganglia and the peripheral nerves. There is tenderness of the skin 
and the deep structures (muscles, bones), wasting and paralysis of muscles 
and diminution or loss of deep reflexes ; the muscles of respiration may be 
affected also. 

1 Cruakshank, Laricei, 1946, ii, 369. 
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Pellagra.^ — This disease is endemic in the southern states of the U.S.A., 
Italy, Rumania and other countries. The findings are summarized below. 

(1) Gastro-intestinal Changes. — Glossitis appears early in the disease ; 
the tip and lateral margins of the tongue are red and^ swollen, and later 
penetrating ulcers develop. Similar changes take place in the mouth, gums 
and pharynx, and follow the same course. There is complaint of a burning 
sensation in the mouth, oesophagus and stomach ; mucosal changes have 
been seen in the stomach with the gastroscope. Nausea, vomiting and 
diarrhoea are frequent. The urethral and vaginal mucous membranes may 
show changes similar to those present in the mouth. 

(2) Skin lesions may develop anywhere, usually on the dorsum of the 
hands and feet, axill®, elbows, wrists, knees, beneath the breasts, and the 
perineum. The skin is first red and itchy ; later it becomes swollen and 
tense and vesicles develop ; finally desquamation takes place, the under- 
lying skin remaining abnormally thackened and pigmented. 

(3) Nervous Changes. — Various forms of mental disorders occur, 
together with “ polyneuropathy,” i.e, symmetrical bilateral involvement of 
the nerve supply of the lower limbs. 

The following facts indicate that pellagra is a deficiency disease : 

(i) The diet used in pellagrous households generally consists largely of 
maize, and is poor in meat. Eleven volunteers in a Mississippi prison were 
given a typical diet consisting of maize meal, white wheat fiour, potatoes, 
salt pork, and syrup ; at the end of 6 months 6 had developed pellagra. 

(ii) It has been suggested that pellagra is due to insufficiency of protein 
or essential amino-acids. It is found, however, that large amounts of casein 
— a protein of high biological value — ^though retarding the onset of symptoms, 
do not prevent recurrences ; on the other hand, the administration of 15 g. 
of dried yeast daily (=7 g. of protein) is. a very potent remedy and is equivalent 
in curative value to 200 g. of lean meat (=45 g. of protein). 

(iii) Human pellagra can be controlled — ^both prevented and cured — by 
modifications of the (£et, e.g, by a generous allowance of lean meat or yeast 
extract ; so long as the diet is adhered to strictly, remissions (which otherwise 
are of frequent occurrence) do not take place. 

(iv) Remarkable improvement is obtained by administration of nicotinic 
add, or nicotinic add amide or certain related substances [e.g. quinolinic add) 
by any route. In 24-72 hours the redness and swelling of the tongue and 
mouth and the alimentary symptoms subside. The fiery skin lesions blanch 
in about 48 hours. Acute mental symptoms disappear ; a patient who was 
previously maniacal may become calm, and confused patients clear. The 
polyneuropathy, however, is unrelieved by nicotinic acid but is benefited by 
thiamine. The role of maize in the production of pellagra is not understood ; 
it seems to aggravate in some way the harmful effects of nicotinic acid 
deficiency. Maize may be harmful because it is deficient in tryptophan or 
because it contains an antagonist to nicotinic acid. 

Among the British prisoners of war at Singapore, whose diet was deficient 
in the whole vitamin- group, the main incidence of pellagra occurred some 
months after the peak incidence of beri-beii (Eig. 651) ; the mucous membrane 
and skin lesions of pellagra appeared first and the changes in the nervous 
system developed later. 

1 Elvehjem, Physiol. Bev., 1940, 20, 249. 
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It seems, therefore, that the major speciiic aipia of pellagra (gastro- 
iutestinal, skin, and mental changes) are clue to (leliciency of nicotinic acid 
In pellagrouB areas many cases of psychosis (without other signs of pellagra) 
are the result of nicotinic acid deliciency and are rapidly relieved by this 
substance. In most clinical cases of pellagra the diet is (leiicdcnt in many 
respects (calorics, protein, calcium, iron, vitamin- J and the wliole -7i complex). 
Specific therapy is therefore not a substitute for a general correction of the diet.' 

Attention has been repeatedly drawn to the synthesis of tln^ vitamin-i 
group by intestinal bac’.teria. An interesting case luis been recorded of an 
ill-nourished woman who developed dysentery whicdi was tn^ated with 
sulphaguauidine (p. 1020). A pellagriuous rash appeaianl i!i three days which 
cleared up (in spite of contiinxetl administration of sulphaguanidiue) hy 
means of injections of nicotinamide. 

Nicotinic acid has been employed in the treatment of other forms of 
psychosis, especially those occurring in old people ; beneficial results are 
claimed. It should be remembered, however, that nicjotinic acid increases the 
cerebral blood flow (c.//. by 20%) and may be helpful in this non-specific 
manner. 

Biotin Deficiency.^ — (1) In (mimak marked symptoms can be produced 
by a diet rich in egg white ; the mechanism conct^rned is the inactivation of 
the biotin in the animal’s body by the mridin of the egg wliite. In monkeys, 
biotin deficiency causes thinning of the fur and loss of hair colour ; later a 
heavy scaly dermatitis develops which covers the whole body, but is most 
marked on the face, arnus, and lips. The condition clears up when 20 gg. of 
biotin are given daily, 

(2) A number of voUmimn^ were fed on a <liet with a miiiimal biotin 
content to which was added 200 g. of egg white <iaily. Fine scaling qftJm skin 
appeared after four weeks and cleared up about a we<dc later. In the eightli 
week there was a marked greyish pallor of the skin and xnucous membranes 
(which was out of proportion to the slight aniemia which developed), atrophy 
of the lingual papilto and return of the dryness ami desquamation of the 
skin. Symptoms like those of thiamine deficiency (p. 1029), progressively 
developed from the fifth week, i.c. depression, lassitud(>., muscle pains, hyper- 
aasthesia, loss of appetite, and nausea. Serum cholesterol was raivsed. Biotin 
excretion in the urine was lowered from the normal (e»g. 25 -50 //g.) to 3-7 /fg, 
daily. Ingestion of 75-300 /^g. of biotin daily produced relief in a few days 
with restoration of the appetite, return of the colour of the skin and mucous 
membranes to normal, and increased biotin excretion in the urine. 

Vitamin-C? (Ascorbic Acid, Cevitamic Acid). — SourtcKS.— The best 
sources are : (i) fresh fruits (in decreasing order) : black currant, strawberry, 
orange, lemon, grapefruit, gooseberry ; there is little in pear, plum, grape 
or most varieties of apple ; (ii) fresh vegetables (in decreasing order) : brussels 
sprouts, cauliflower, cabbage, tomato, new potato. Vitamin-O is present 
in small amounts in fresh milk (more especially human milk),^ and in 
raw meat juice ; pasteurized milk is nearly devoid of the vitamin. The 
vitamin-C content of fresh milk varies with the diet of the cow, being large 
in amount in summer, when the animal is fed on greenstuffs, and much less 
in winter. It is absent from dried seeds, but it is formed during the process 
of germination. 

^ Sydenstrioker el Science, 1942, 9$, 176, 
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Distribution in Animal Tissues. — ^Vitamin-0 can be estimated quantita- 
tively m animal tissues by a method which depends on the fact that it 
decolorizes the dye 2 : 6-dichlorophenol-indophenol. Using this method the 
vitamin can be demonstrated in the adrenal cortex (p. 944), the waU of the 
gut, the lens, and the aqueous and vitreous humours. The amount excreted 
in the urine can also be readily determined. 

Properties. — It is rapidly destroyed by heating at 100° C in the presence 
of oxygen, especially in an alkalme medium, and by drying. It is therefore 
absent as a rule from dried, canned or preserved foods unless the process is 
carried out ancBTohically. During the cooking of vegetables the loss of -G 
can be minimized by avoiding too much preliminary shredding, too much 
cooking water, prolonged cooking, and keeping the vegetables warm for a 
long time or reheating. 

Chemistry. — ^Vitamin-C has been isolated, and is synthesized on an 
industrial scale for therapeutic use ; it is named ascorbic add or cevitamic 
acid. The formula is shown in Fig. 652. 

0 = C-, 

I I 

HO-^C 1 

II 0 
HO-C 

I 

H-C — 

I 

HO-C-H 

i 

CHgOH 

Fig. 652. — Structxire of Vitamin-U. 

Effects of Vitamin-C Lack in Man. Experimental Scurvy. — The 
account which follows is based mainly on the pioneer experiment of Crandon ^ 
on himself and on a careful study of 20 British volunteers.® The latter were 
maintained for a control period of 6 weeks on a basal diet completely devoid 
of vitamin-0 (it contained less than 1 mg. daily) to which 70 mg. of -0 were 
added daily. The subjects were then divided into three groups : (i) on the 
basal diet only (10) ; (ii) basal diet +10 mg. of -0 daily (7) ; (iii) basal diet 
+70 mg. of -0 dady (3). Groups (ii) and (iii) remained perfectly fit and well. 
The detailed findings in the completely deprived British group and in Crandon 
are considered below. 

Blood Changes (Fig. 653). — The average normal vitamin-0 level in the 
'plasma is 0-55 mg./lOO c.c. ; in the white blood corpuscles the average 
normal value is much higher, i.e, 16 mg./lOO g. 

(i) On a vitamin-0 intake of 70 mg. daily the blood levels are unaffected. 

(ii) On the vitamin-free diet the vitamin-0 content fell in the plasma to a 
negligibly low level, Le, under 0-05 mg./lOO c.c. after 6 weeks, and in the white 
corpuscles to under 1 mg./lOO g. after 16 weeks. 

(iii) On a 10 mg. -0 intake the plasma changes were the same as in (ii) 

^ Ckandon, Lund, and Dill, N&w Bngl, Med, J,, 1940, 223, 359. 

® British Medical Research Council Report, Lancet, 1948, i, 853. 
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; ; the concentration in the white corpuscles followed the same course 
be final raiuiinal level was rather higher than in (ii), al)out 2 mg./lOOg’ 
ELATION Between Blood Vitamin-C Level and Clinical State, 
symptoms first appeared after about 5 inontlis in the vitamin-free group, 
xtcrvals between the virtual disappearance of vitarnin-C from the plasma 
vhite cells and the appearance of symptoms were respectively H weeks 
3-6 weeks. It should be noted that although yitamin-C disappeared 
the plasma in the 10 mg. intake group, the subjects remained normal, 
virtual disappearance of -0 from the 'plama thus does not necessarily 
ate that scurvy is present or imminent ; on the other hand a plasma 
above OT mg./lOO c.c. definitely excludes the diagnosis of scurvy. The 
3 cell -G content was significantly different in the -C-frec group and that 
ving 10 mg. of -0 ; a white cell -C content below 2 mg./lOO g. (if con- 
d) supports a diagnosis of scurvy. 



I, 053. — Changes in Vitainin-O (Ascorbic Acid) concentration in Plasma and 
White Corpuscles in Complex E.xpcrimcntal Vitamin-C Dolicicncy in Man. 
(After Crandon et alt -Veit? Eng. J. Med., 1940, 354.) 

iLiNicAL Chanoes. — (1) Najativc Findin^js. — Many negative findings 
; be emphasized. There was no decreas(» in the red cell or white cell 
t, platelet count, or htemoglobin concentration ; vitamin-C lack therefore 
10 adverse effect on red marrow activity (p. 104). There were no general 
lary changes ; the resistance of the skin capillaries and bleeding time 
58) were normal ; there was no nose-bleeding ; blood or red cells did 
ippear in the urine ; there was no occult blood in the feces ; the micro- 
.0 appearances of the capillaries in the nail bed and in the conjunctiva 
normal. Body weight was maintained and there was no complaint of 
cal pains or weakness.^ Resistance to infection was not decreased. 

In Crandon’s coao the diet was so unpalatable that the food intake was low and there 
^ loss of 25 lb. in weight in 6 months ; his physical efHuiency deteriorated and he 
do as much as the average octogenarian ; a five minntos’ walk was his peak effort, 
ibly those changes were duo to the prolonged period of general undomutrition 
. 1046), 
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(2) Shin Changes. — After 4-6 months there was enlargement and keratosis 
of the hair follicles in the skin. These changes were marked on the upper arms, 
back, buttocks, back of thighs, calves and shins. Microscopic examination 
showed that the follicles were plugged with homy material in which the hair 
was coiled or looped ; subsequently the local vessels became congested and 
leaked ; the follicles then became red and haemorrhagic. 

(3) Gums. — ^After 6 months, gum changes developed regularly, consisting 
of swelling and tiny haemorrhages in the loops of the interdental papillae. In 
two subjects who had some initial gingivitis gross changes occurred ; the 
gums became very swollen and purphsh in colour ; later patches of necrosis 
appeared. 

(4) Wound Healing. — Normal healing of a wound {e.g. that produced by 
a deep skin incision) involves development of new capillaries, proliferation 
of fibroblasts and the laying down of reticulin fibres followed later by the 
appearance of collagen fibres. In severe giunea«pig scurvy all these phases of 
wound healing are deficient. In Crandon, .after 3 months’ deprivation of 
vitamin-0, an experimental deep incision in the back healed rapidly and 
completely within 10 days. A similar incision performed after 6 months’ 
deprivation showed good union of the epidermis after 10 days, but there 
were no signs of healing in the deeper parts of the wound which was filled 
with unorganized blood clot ; no capillary or fibroblastic prohferation had 
taken place and there was no laying down of reticulin or collagen fibres 
(Fig. 654). There were considerable variations in the extent of impairment of 
wound healing in different subjects. The tensile strength of healed wounds 
was lower than normal. Scars of old wounds that had healed well, in the early 
stages of vitamin-C deprivation became red or livid when clinical scurvy 
appeared. 

(5) Neuromuscular coordination was slightly impaired and fatigue set 
in slightly more readily. 

(6) In three of the 10 British volunteers who were completely deprived of 
vitamin-0 grave complications developed which required immediate intensive 
vitamin-0 medication ; two developed signs of cardiac ischsemia, i.e. pain in 
the chest, dyspnoea, and serious electrocardiographic changes ; one who may 
have had some initial affection of the spme developed changes in the vertebrae 
and a tuberculous paravertebral abscess. 

There thus appear to be stages in the development of experimental 
scurvy : (i) an initial stage with changes in the vitamin-0 content of the 
blood and no clinical signs ; (ii) a stage of clinical scurvy consisting of changes 
in the skin, gums, and impaired woxmd healing ; (iii) a final stage when life 
may be in immediate danger. 

When 10 mg. of -0 were administered daily to experimental subjects with 
well-developed scurvy, the skin changes cleared up in 1—2 months and the 
gums became normal in 3 months. When massive doses of -0 were given 
recovery was rapid. Thus the chest pain and dyspnoea in the two subjects 
mentioned above were relieved in 24 hours. Crandon’s experiment was 
ended by giving him 1000 mg. of vitamin-C intravenously dafiy ; a wound 
inflicted on the final day of his treatment became completely healed in 10 
days ; the skin petechise faded in a week and the skin was quite normal in 

three weeks. ; * , 

Renal Threshold for Vitamin-C. — ^When the plasma vitamin-C level 
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exceeds 0*85 tng./lOO c.e*, the vif,;irnin af)|)eiirs in the urine. The presence 
of tlic vitamin in the urine is evidence that i.he subject is amply provided 
(“ saturated with the vitamin. 

ViTAMiN-0 H.kc;>itirkmknts in Man. — The ex[)eriments recorded above 
sliow that in adults, U) mg. oi' vitamin-( ’ daily are i)oth comph^tely protective 
and curative, even over periods as long as M months. To allow a margin of 
safety and to provide for iiulividua.1 variaiions a daily intake of 30 mg. of 
vitamin-O is probaldy desirable. There, seems to be no (dinically recognizable 
condition of sub-scurvy or pre-scurvy ; people without the specific signs and 
blood changes of vseurvy will not benefit in any way by supplementing the 
vitamin-C content of their diet. 

CiaNiOAU Bi'iURvy.— Scurvy occurs in infavts who have been fed exclusively 



Fia. 654. — Delayed Wound lUmling in D.xperimental Vitamin-0 Defitnency in Man. 
(Crandou, Lund and Dill, New hhigl, J. il/wL, 1940, 


A 

B 


A. and It. aro blopHy himhUiuouh of Hkln. 

Wound made affcor 0 monfeliH’ vltamit»-0 d(a>rlVHtiou ; noto nbwuKro of Umllng, The skin Is united 
supcirllcially, btit dr.opor tlsauo shows no huaUiiK whatovor ; tho largo space was occupied by an 
unorganized blood <dot. . ^ .... 

Normal wound healing iti sanio subject after XO days^ IntravcnouH vitaxnln-C? tlusrapy. 


on sterilized food, tlie vitamin-C’ content of which htia thus been destrojed ; 
the characteristic symptoms are hwmorrh(zge^ from various parts, and anaemia. 
After being fed for about 6 months on the defective diet, fretfulnesa and loss 
of appetite develop. Hsomorrhages occur (i) under the periosteum, e.g. at the 
lower end of the femur, giving rise to groat pain, tenderness, and refusal to 
use the limb ; (ii) from the gums if the teeth have erupted ; (iii) from the 
kidney, intestine, and under the skin. There may be changes in the teeth 
themselves. The long latent period is noteworthy. 

In aduUs similar symptoms of scurvy develop in people like sailors or 
prisoners who have been deprived for a long time of fresh food. 

The clinical manifestations are thus far more severe than those observed 
in the controlled experiments. It must be remembered, however, that 
olinioally the vitamin deficiency particularly in adults may bo very jtrohr^d, 
that multiple vitamin deficiencies ma;^ be present which may_ precipitate 
or aggravate the symptoms, and infections may develop which increase the 
rate of disappearance of vitamin-C from the body. 
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Mode op Action op Vitamin-(7. — In experimental vitamin-O deficiency 
tliere is failure of certain tissues to lay down and maintain Tiorifml inter- 
cellular ground substance (including reticular and collagen fibres). This 
partly accounts for the poor wound healing and the reduced tensile strength 
of wounds. The hcemorrhages are attributed to lack of cement substance in 
the capillary lining. In animals with advanced experimental scurvy complex 
changes occur in the bones, especially at their ends ; the bone cells are not 
buried in a firm matrix but are found lying in a liquid material. The grave 
terminal changes in experimental scurvy require some other kind of 
explanation. 


PRINCIPLES OF DIETETICS^ 

Essentials of a Diet. — An adequate diet must have a calorie value 
sufhcient to provide for the requirements of the basal metabolism, the 
stimulating action of the foodstuffs, loss in the fseces of energy-containing 
derivatives of the foodstuffs, and the needs of varj^g degrees of muscular 
work. It must have adequate amounts of protein {essential amino-adds 
(p. SSI)), fat, carbohydrate, water, and salts [ions) in suitable proportions, and 
an ample vitamin content. In children adequate provision must be made for 
additional tissue formation ; the special requirements of menstruation, 
pregnancy, lactation and illness must be taken into account. As the food has 
to be eaten by discriminating human beings it must be weU cooked, look 
attractive, taste nice, and be reasonably varied from day to day.^ - 

Energy Requirements. — ^A distinction must be drawn between the 
energy value of the food as purchased and of the food absorbed after digestion. 
A variable loss occurs during the preparation and cooking of the food ; a 
further small percentage escapes digestion and absorption and is eliminated 
in the fssces, the loss being greater on a vegetable diet (because of its cellulose 
content (p. 815)) than on an animal diet. It is usual to deduct 10% from the 
theoretical calorie value of the mixed diet to allow for these losses. Thus, a 
ration with a theoretical yield of 1000 Cal. would only provide 900 Cal, in 

the body. ^ i -l 

(i) The basal energy requirements can be calculated from the surface 
area ; in an adult man it is 40 Cal. per sq. metre per hour ; the average 
surface area is 1-8 metres ; so the hourly basal energy output is 72 CaL 
(p. 378). During 8 hours of sleep at basal level the total energy output is 

Cal. . \ \ ^ V . 

(ii) During waking hours the taking of food stimula'tes metabolism by 
5-10%. During 8 hours of leisure the ordinary small activities of daily life 
increase metabolism by about 40 Cal. per hour. An hour’s walk at 

5i miles per hour respectively involves an extra output of 140, 240, and 
580 Cal. ; an hour’s dancing is equivalent to 240 extra Cal. ; cycling, 175 Cal. , 

1 JoUiffe, Cannon, and Tisdall, Clinical Nutrition, N.Y., 1950. Davidson and Anderson, 

Text Book of Dietetics, 2nd edn., Edinburgh, 1947. ^ r . 

a “ Nutrition is the science of test-tubes, gastronomy is the art of taste buds (Andre 
Simon) (and, of course, of the olfactory nerve endings). 
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)xiiig, 800 Cal. The total calorie output in these 8 ho\irs of leisure might 
.ua be : 


8 hours’ basal (8 X 72) -576 

Stimulating action of food - 50 
7 hours’ small activities (7 x 40) -280 

1 hour’s exercise —240 

Total 1146 Cal 


(iii) The energy output during S ?toim of work varies enormously with the 
nd of work perft>rmo<l. The calories experuled per hour above basal for some 
cupations are as follows : typing, writing, 40 ; sewing, 40 ; dish washing, 

I ; sweeping and cleaning, 100 ; laundry, 170 ; tailor, 80 ; carpenter, 160 ; 
etal work, IBO ; blacksmith, 300 ; stonemason, 330 *, sawing wood, 400; 
»al mining (cutting), 120, timbering, 200. The 8 hours’ additional energy 
itput can be classified thus : sedentary work, under 400 Cal. ; light work, 
K>-700 Cal. ; moderate work, 700-1100 Cal. ; heavy work, 1100 Gal. or over 
ven the most concentrated brain work causes no measurable increase in 
icrgy output. 

The energy output for the 8-hour work period might be thus : 

8 hours’ basal (8 x 72) -576 

Stimulating action of food- 50 
Energy value of work -400 up to 2000 Cal. or more. 

(iv) The total daily out|)Ut for a mlentary worker (work expenditure— 50 
ah i)er hour) might thus be : 

8 hours of sleep . . .576 

7 hours of leisure 4- 1 hour’s exercise 1146 
Shoursof work(626+{8x50) . im 

Total . . 2748 Cal 

Childken.— T he energy needs of children are difficult to compute. The 
asal metabolism is considerably greater per sq. metre of surface in children 
han in adults (p. 378). The extra energy demandesd by the growth processes 
3 very small. Between the ages of 11 and 16, botli vS(ixes put on weight at 
he average rate of about 4 kg. a year, which is equivalent to the negligible 
[uantity of 30 Cal. per day. 

It is still more difficult to compute the very variable energy output due 
o muscular activity in children, rrobably any reduction of the food intake 
lauses a diminution in activity, before it affects the processes of the body 
vhich are essential to health and growth. 

Standards of Calorie Requirements.-— In view of the enormous 
practical importance of the subject, not only from the physiological but also 
'xom the social and political standpoint, the energy requirements as worked 
)ut by an expert Committee of the British Ministry of Health are quoted 
Dclow. They laid dowm that the average caloric requirement of a man doing 
\ight work is 3000 Cal net (i.e. available after absorption) ^ or 3300 Cal, as 
bought. The average housewife needs about 10% less, i.e, 2700 Cal. net ; a 
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woman doing more active work needs as mucli as tke average male. These 
allowances probably err on the generous side. During the last war the 
average food intake in Britain was less than these recommendations. Men 
doing hard work may need up to 4000 Cal. and more in appropriate cases. 
The needs of children are laid down as follows : 


Age . 

1-2 

2-3 

3-6 

6-8 

8-10 

10-12 

12-14 

Calories 

1000 

1260 

1660 

1860 

2160 

1 

2660 

2900 


Note that children over 12 require as much food as adults. For girls 
between 14 and 18, 2800-3000 Cal. are advised ; for boys of the same age, 
3000-3400 Cal., i,e, rather more than the requirements of an adult light 
worker. 

Results of Inadequate Caloric Intake. — 1. Moderate Calorie 
Deficiency. The Carnegie Experiment. — Twelve healthy subjects whose 
normal food intake was equivalent to 3100 Cal. per day were put on a diet 
containing only 1600-1800 Cal. for 5 weeks ; the diet was adequate in other 
respects. During this period they lost 10% of their body weight. The food 
intake was then increased to 1970 Cal. daily ; on this diet the body weight 
remained approximately stationary over a period of several months. The 
striking economy in food intake was achieved, however, at the cost of a 
considerable deterioration in the general physical and mental state. The 
subjects felt weak and tired easily ; they were unable to work hard or for a 
long time ; sexual drive was decreased. Their listless depressed state led to 
a saving on the 500 Cal. usually needed for ‘‘ small activities ’’ and exercise 
(p. 1043). The chronic state of undernutrition decreased the basal metabolic 
rate as explained on p. 378. As far as they could they reduced their energy 
output further by doing less work. The energy intake provided no reserve 
for the additional requirements of fever or illness. The final^ picture was 
similar to that found among the poor in many backward countries. As their 
diet is inadequate these people are feeble and unable and unwilhng to work 
hard ; they have no drive or initiative. Owing to their depressed physical 
state their productivity falls off, and in agricultural communities the food 
output declines. A vicious circle is thus established in which malnutrition 
leads to weakness which in its turn aggravates the degree of malnutrition. 
Any illness which decreases the energy intake or increases the energy loss 
may have serious consequences. Such a population is mlikely to be capable 
of sustained vigorous physical or moral resistance against an oppressor. If 
external aid were available to produce an initial improvement in the nutritional 
state the resulting increase in strength might so improve productivity that a 
satisfactory diet might ultimately be made available by the people s own 

^^°^^'Severe Calorie Deficiency. The Minnesota Experiment.— The 
effects of more severe and prolonged semi-starvation were studied hv a group 
in the University of Minnesota.^ Thirty-two healthy young adults whose 

I Keys et oL., Biology of Human Stomiioji, Miimeapolis, 1950. This monograph gives 
an encydopsedic survey oi the whole subject of undemutrition. 
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averaf 2 :e control intake vva-vS 3400 Cal, \ver(^ kept for 24 woek« on a diet of 
1570 Oal. containing approximately 50 55 g. of protein, 30 45 g. of fat and 
300 g. of carbohydrate ; as a result t.liey lost 25‘);, of their original body weight. 
The intake of vitamins and of min<‘rals was ade<juatt\ 

Genehal Chanoks. The. wasting aihnded the face and the body alike; 
the emaciated features, the. protruding ribs, the unprotected ischia-l tuberosities 
and the badly fitting (dothes ami shoes nnuh‘ the subje(‘ts acutely aware of 
tlu*» degree of jdiysical deterioration that had taken ]>la(‘e. The skin became 
rough, thin and })igmented ; it was gmn^rally cold and slightly cyanosed. 
The hair grew more slowly and fell out in larger an\ounts; the nails also grew 
more slowly, (Edema was common after the twelfth week a.nd was specially 
noticeable in the ankles, knees and face. Cuts ami wounds bled less freely 
and healed more slowly. Tolerance t*o heat was increased but that to cold 
was diminished. The subjects liked t.ludr food and drink to be served ua- 
usually hot. They constantly complaiiuul of t<lu‘ir cold liands and feet ; even 
in the liot summer they wore extra clothes by day, and covered themselves 
with many blankets at night. The blood ])ressurt^ was unchanged but the 
resting pulse rate was very low (35 per mitmte). They complained of giddiness 
or momentary blackout on getting up^ from the sitting or lying position ; 
actual fainting was rare. There was no im}>ainnent of visual acuity but many 
sxxbjects complained of transient visual disturbamjes such as inability to 
focus, eyc-aches, and ** spots before the <‘yes. There was a slight increase 
in auditory acuity ; it is uncertain whether the fre<}uent complaint that 
ordinary sounds and noises were disturbing and annoying was the result of 
the improved auditory sensitivity or was due to a state of irritability.” 
Muscle cramps and muscle soreness were common ; the extremities often 
wont to sleep.** Voluntary movements wer<^ notic.eably slower ; the 
subjects felt weak and tired easily ; they moved catitiously, climbing stairs 
one step at a time. Coordination was disturbed ; tlui men sometimes tripped 
over the kerb and bumped into objects which they intended to avoid. There 
was a reduction in self-initiated, spontaneous ju^-tivities ; as starvation 
progressed, fewer and fewer things stimulated the mm to overt action. They 
said that their increasing weakness, loss of ambition, narrowing of interests, 
depression, irritability and loss of libido nuide, them feel they were groxving 
prematurely old. 

Quantitative Changes.— Some of the priiudpal (quantitative changes 
observed arc summarized below ; in all cases tlu^ results quoted arc the mean 


values for the group as a whole. 

Omtrol. 

After 24 
weeks' semi- 

Calorie intake 

. 3490 

starvation. 

1670 

Body weight (kg.) 

70 

r)2-r> 

Body fat (kg.) (calculated) 

9-8 

3-0 

Hoomatoorit value (%) . 

. 46-4 

36-6 

Hemoglobin (g~%) 

. 15-1 

11-7 

Total blood volume (c.c.) 

. 6850 

5350 

Total plasma volume (c.c.) 

. 3130 

3390 

Blood volume (o.c./kg.) . 

84 

101 
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Plasma volume (o.c./kg.) 

Total plasma protein (g./lOO c.c.) 
Plasma albumin (g./lOO c.c.) 
Plasma cholesterol (mg./lOO c.c.) 
Basal pulmonary ventilation 
(litres/min.) . 

Vital capacity (litres) 

Basal O 2 consumption (c.c./min.) 
Basal O 2 consumption 
(c.c./sq.M./min.) 

Basal pulse rate (beats/min.) . 
Systolic blood pressure (mm. Hg.) 
Pulse pressure (mm. Hg.) 

ECG: 

height of Ti+Tg+Tg (mV X 10) 
height of R in Lead I (mV X 10) 
height of R in Lead II (mV X 10) 
Time for which work test could 
be kept up (seconds) 
Strength of hand grip (kg.) 

Back dynamometer test (kg.) . 


Control. 

After 24 
weeks' semi- 

45 

starvation, 

64 

6-7 

6*0 

4-3 

3-9 

169 

151 

4-8 

3-3 

5-2 

4*9 

228 

139 

122 

84 

55 

35 

106 

99 

36 

31 

5-6 

3*3 

3-7 

1*4 

9-9 

6-2 

242 

50 

58 

42 

150 

105 


Some of the results noted above deserve further consideration. 

(1) Body Weight— ThB loss of body weight was masked to some extent by 
the presence of oedema. On refeeding, an initial further loss of weight might 
occur owing to loss of fluid. The muscles wasted rapidly and the changes in 
the flaccid muscles contributes markedly to the apathetic mask-like expression 
of famine victims. In some cases the oedema gave the face a bloated expression 
with swollen eyelids and puffy cheeks. 

(2) Endocrine Glands,— TkeiQ was marked atrophy of the thyroid, evidence 
of dysfunction of the pituitary and changes in the adrenals. 

(3) Body Fluids, The oedema was associated with a fall in the 

plasma protein concentration and osmotic pressure, but it was not regmarly 
related to the extent of these plasma changes (of. p. 115). The total plasma 
volume was little altered,but was greatly increased relative to the reduced total 
body bulk'; there was probably a relative excess of body fluid ; the meohaimm 
of this fluid reteutiou is obscure, but thea little is kno\m about the factors 
which normally regulate the total volume of body fluid. In spite of the 

oedema, polyuria was often a marked symptom associated with a conespondingly 

Tii gb fluid intake. The faU in heematocrit value and hsemoglobm level was due 

to decreased hsematopoiesis (cf. pp. 163, 210). „ , , ,. , u v.. 

(4) Circulation.— The. remarkable degree of bradycMdia, ^ould be 
emphasized ; it may be due in part to the presence of thyroid deficiency. 
The peripheral blood flow was reduced and the venous pressure lowered ; the 

blood pressure was unchanged. ' , ,. i j- v » 

(5) Among the aUmmtary symptoms were flatulence, oohc and diarrhoea. 

Gastric tone and motility were depressed. 
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(0) Miiabolic Rate, - The B.M.ll. was rechictnl \vhat,t‘.ver (‘riteriou was em- 
ployed ; there wasa decrease in tlie li.M.R. per of 2()To> per sq.m, of 30%, 
aiitl per man of 40^!;^ resting metabolism w^as due only inpartto 

the smaller mass of active tissue ; to somt‘ extent it may be due to thyroid 
dcdicieucy. The averagt* saving of energy produced in this way was of the 
order of GOO Cal. <iaily. 

(7) N(\(jalive Nitrogen lialanee, -There, was a consistent state of negative 
nitrogen l)alanee for the n^asons explained on ]>. 1)0 L The relationship of 
caJorie intakt» to N ba-huuMi is well shown in tln^ ^fable below (after Boothby 
and Bernhardt), 


Food fnkikiu Nitrogen Change in 
Balance, Body Wt. 


Period, 

Date, 

Calories, 

iV (g.) 

(h 

kg. 

1 

2ud dune dbth June 

81)4: 

94 

- 3-4 

-2-9 

11 

IGth Jimedst July 

1296 

104 


-0-3 

III 

2nd July-1 9th July 

1620 

IDG 

-1-2 

-0-2 

IV 

24th July-d2th Aug. 

3353 

15*2 

-l-2'O 

+2-3 


(8) Sensation of Hunger , — In |>eoplc totally deprived of food the feeling 
of huiiiger disappears after a few <lays ; in semi-starved people on the other 
hand the hunger sensation betunnes progressively ac^centuated. It is known 
that strong contractions of the empty stomach give rise, to a sense of hunger 
(hunger pains), but it is not likely that hunger ivs always or generally produced 
in this way. Thus these subjects often complained of lun\ger immediately 
after a hirge meal and when gastric motility and tone, were depressed. The 
cause of the hunger sense is as obscure as that of thirst (of. p, 68). 

.Rehabilitation. --After the fast, the subjects were placed on progressively 
larger diets until full recovery occurred. Hecovcsry from disj^^inoSvS, apathy 
and lethargy was rapid ; tiredness, loss of sex drivt^ and weakncwss improved 
slowly. The oedema gradually disappeared though in some men there was 
initially little change or even an increase in endema. Cramps and vague 
aches and pains persisted for some time. Some of the m<m had new complaints 
such as flatulence, distension, and stomach-ache. 1'hose subjects who gained 
most weight became concerned about their increasing sluggishness, general 
flabbiness, and tlie tendency for fat to accumulate on tlie abdomen and 
buttocks. At the end of three months even the subjects on the highest calorie 
intake wore still in a poorer physical condition than in the control period. It 
was not until after an additional 3 months of ** normal living and super- 
normal eating^’ that the physical capacity approached pre-experimcntal levels. 

It has been generally thought that patients subjected to prolonged severe 
starvation cannot swallow, digest or absorb simple foods. During the Dutch 
post-war famine elaborate preparations were made to feed the patients by 
stomach tube or intravenously with protein hyilrolysates and glucose 
solutions. Experience showed that those who were too ill to take food by 
mouth died whatever was done to them ; but the others had a good appetite, 
could take normal food almost from the first and were able to digest and 
absorb it well if it was given in small quantities at frequent intervals. They 
tolerated separated milk and even large amounts of butter-fat quite well. 

In clinical rehabilitation it is generally advisable to concentrate on 
increasing the calorie intake by giving any foods immediately available, 
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wMcli in Europe were grains and potatoes ; these foods also supply additional 
protein and vitamins. 

3. Clinical Undernutrition. — In every age and in every land people 
have starved and the record of the 20th century in this respect is as bad as 
most. Hunger is generally due to ignorance, misfortune or human malev- 
olence ; of the last we have experienced more than our fair share. The 
effects of xmdernutrition vary with its nature. In the recent European 
famines the main deficiency was in calories, as the wholemeal bread and 
vegetables eaten (especially potatoes) prevented serious protein or vitamin 
deficiencies. Vitamin requirements (especially of the -B group) are lower 
when the calorie intake is reduced. In the Eastern famines, of which the 
Singapore captivity is an excellent example, the effects of vitamin deficiency 
often predominated (p. 1031).^ In clinical studies the immense importance 
of the psychological changes must be emphasized ; the starved person differs 
in mind as well as m body from the well-nourished person. 

Starved people differ in the degree and kind of the undernutrition and in 
the effects of the associated brutalities or other complications. The results 
have been reviewed at length in the monograph by Keys and his associates. 
Some recent clinical studies are summarized below. 

(1) Obseevations 2 ON Peisoners of War in World War II. — The 
changes in the badly fed soldier in the prison camp were as follows : ‘‘ First 
there was the loss of the natural feeling of well-being. A growing feeling of 
hunger followed and gradually increased in intensity until, after about 3 
weeks, the whole thought of the prisoner was concentrated on his food.” This 
insistent feeling of hunger increased with time ; the half-starved man would 
go to great lengths of ingenuity and dishonesty to obtain small amounts of 
extra nourishment. Only when death was imminent did the desire for food 
slowly vanish. 

“ The next notable abnormality was a progressive mental and physical 
lethargy. The desire for sleep increased ; the number of hours that an adult 
male would wish to remain in bed, partly dozing but for the most part in 
genuine deep sleep, steadily rose from the normal 8 hours to 16 or more out 
of the 24. Finally, the only way to rouse a man from his bed was by the 
mention of food.” Shortly after this came rapid fatigue during mental or 
physical effort. The experienced card-player, for instance, would forget the 
cards that had just been played. 

In the fully developed picture of semi-starvation the slowness of movement 
was notable. The gait in walking was a shuf&e and suggested a slow-motion 
picture. Speech was slow, and obtaining responses to questions was tedious. 
Their slow movements and delayed reaction times made these men especially 
prone to accidents i ** Though they could see that a fall of rook or branch 
of a tree was imminent, theic actions were too slow to move out of danger.” 
The deshe for tobacco greatly increased and seemed stronger than the desire 
for food, smce men would barter even the little food they had for a smaU 
amount of tobacco. Standards of cleanliness deteriorated drastically, and 
pride in personal appearance was lost. Normal moral standards 
influence on the behaviour of the starving men and they would steal food from 

1 The results of lack of individual dietary constituents, e.^. iron, iodine, vitamins, are 
reviewed in the appropriate sections in thfe book. 

2 Leyton, lAmcett 1946, ii, 73. 
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their best friends or barter their clothes for tobacco. ** None of the other 
hardships suffered by fighting men observed by me [Leyton] brought about 
such a rapid or complete degeneration of character as chronic starvation.” 

(2) The German Extermination Cahivs.^— The psychological atmos- 
phere of the extermination camps is beyond our capacity for empathy. The 
oflEicial daily ration in the notorious Auschwitz Camp was one litre of watery 
soup, 250 g. of bread and about 25 g. of margarine or sausage or imitation 
honey, providing an estimated maximum of 1000 Cal. per day. The German 
camp doctors did not expect the inmates to survive much beyond 6 months. 
The camps were grossly overcrowded, with 500 to 1000 people herded together 
in blocks of 100 feet by 20 feet. Sanitary facilities were utterly inadequate. 
There was a shortage of water. The inmates were iniusted with lice, and 
many had scabies. They were under constant threat of being subjected to 
the brutalities of the guards. But dominating all the thoughts and fears was 
the dread death by gassing or burniniij. The extermination verdict was entered in 
the camp books under the euphemistic term of ‘ transferfor special treatment ’ 

(3) The Bblsen Camp, 1945.— Bclsen was a detention camp, not an 
extermination camp, ix. the prisoners there were allowed to die but were not 
usually killed. The diet was always inadequate, but in the winter of 1944-45 
it became grossly deficient. Lipscomb ^ described^ what he found when the 
camp was taken over by the British Army in April 1945. At this time the 
camp was estimated to contain about 50,000 people, with some 10,000 lying 
dead in the huts and around the camp. “ The most conspicuous psychological 
abnormality was a degradation of moral standards characterized by increasing 
selfishness, and it was more or less proportional to the degree of under- 
nutrition. In the first stage consideration for others was limited to personal 
friends, then the circle contracted to child or parent, and finally only the 
instinct to survive remained. Emotional response became progressively 
lowered and consciousness of sex was lost. Eventually all self-respect dis- 
appeared and the only interest left was to obtain something which could be 
eaten, even human flesh. Even among those not grossly undernourished 
there was a blunted sensitivity to scones of cruelty and deatli.” 

Oases with mental disorders were surprisingly few in view of the harrowing 
experiences, the physical suffering, and the fear of hutiger, torture, and death 
to which the internees were exposed.® 

1 Tho quotation is from the monograph by Keys et al,^ Biology of Human Starvation^ 1050. 

^ Lipscomb, Lancett 1045^ ii, 313. 

® But somi-starvation may occur even in England. Tho following is an o.xtract from 
Howard’s description (quoted from Keys’ monograph) of tho results of hunger in London 
during the winter of 1887-38 when unemployment was general. “ Tho first indications 
of a deficiency of food are languor, exhaustion, and general debility, with a distressing 
feeling of faintness and sinking at the prascordia, chiUinesB, vertigo, and a tendency to 
syncope, unsteadiness of movomonta, tho voice weak and tremulous. Mental powers 
exhibit a languor and dullness proportionate to tho degree of physiotil debility. The 
sufferer is listless and depressed and often manifests a remarkable apathy to liis condition.” 
In more advanced cases “ tho feeling of prostration becomes quite overpowering, and 
the exhaustion and muscular weakness so groat, that the erect posture can, with diffi- 
culty, bo maintained. The depression of all tho vital and mental powers is fearfully 
augmented. Dizziness, transient dimness of vision, staggering, and syncope are common 
and very apt to bo produced by tho erect posture. Notwithstanding general languor, 
however, the patient sometimes manifests a Iiighly nervous state ; ho is startled by any 
sudden voice and worried by most trifling occurrences.” Tho findings are almost identical 
with those of the Minnesota experiment and are evidence of tho severity of tho starvaiion. 
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4. Complete Starvation. — See p. 900. 

Composition of Foodstuffs. — Before dealing with the proportion of 
protein, fat, and carbohydrate that should be employed, the composition of 
the common foodstuiffs must be surveyed (see Tables, pp. 1052-1054). 

Constitution of Normal Diet. — The constitution of an average normal 
British diet is usually given as follows : Protein, 100 g. (410 Cal.) ; fat, 
100 g. (930 Cal.) ; carbohydrate, 400 g. (1640 Cal.). Total oalories= about 3000. 

1. Protein. — Protein is an indispensable constituent of the diet because 
it is the only source of the amino-adds including the essential amino-acids 
which cannot be synthesized in the body, (p. 881). Amino-acids are needed 
to build up new tissue during the period of growth or pregnancy and to provide 
the tyitIV proteins during lactation. They are necessary to maintain the 
structure of every tissue cell including its content of protein-containing 
enzyme systems ; to provide the raw materials for the manufacture of certain 
external secretions (digestive enzymes of alimentary canal) and internal 
secretions {e.g. those of the anterior pituitary, thyroid, adrenal medulla) ; 
and to maintain the normal concentrations of plasma proteins and haemo- 
globin. As explained on p. 879, there is normally a dynamic equilibrium 
between the amino-acids derived from the food and those derived^ from the 
breakdown of the tissues, and also between the amino-acids derived from 
one tissue and those derived from another. But in the course of this endless 
flux some amino-acids are hrohen down irreversihly and their nitrogen content 
is excreted in the urine mainly as urea. The minimum protein intake in 
the adult must contain enough of eOfCh essential amino-add to make good this 
steady loss. The individual proteins of animal tissues generally closely 
resemble those of human tissues in their amino-acid composition ; they can 
consequently be employed more economically for repair^ and^ growth ; those 
with such a composition are called proteins of high biological value. The 
individual proteins of vegetable foods frequently have a very different type of 
amino-acid pattern and so cannot be so economically built up into human 
tissues ; such proteins are said to be of low biological value. But it must 
be pointed out that this discussion is quite academic ; we do not eat individual 
animal or individual vegetable proteins ; we foodstuffs, e.g. meat, potato, 
bread, egg, milk, all of which consist of a mixture of several proteins. The 
important thing to And out is what is the amino-acid composition and the 
biological value of the protein mixture in a single foodstuff or more important 
still in the mixture of foodstuffs found in typical human diets (of. Big. 563, 


p. 881 ; Big. 578, p. 903). • . ^ i • i 

There are two ways (apart from chemical analysis) of testmg the biological 
value of an individual protein : (i) to see whether it can maintain satisfactory 
growth and health when it is the sole source of protein suppHed ; (ii) to 
determine the minimum amount of the protein which must be add^ to a 
diet adequate in other respects to maintain nitrogenous equihbrium. ^nilar 
determinations can be carried out on a mixture of proteins, a foodstuff or a 
mixture of foodstuffs. Using these criteria, certain isolat^ plant proteins, 
such as gliadin or zein, are very inadequate ; the proteins of flour made 
from wheat endosperm are not satisfactory (p. 1058); on the other 
hand, the mixed proteins of wheat or maize as found m high extraction 
flour, by compensating for one another’s deficiences or quantitative pecuhan- 
ties, ’maintam nitrogenous equilibrium at a fairly low level, particularly if 
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Vitamins: values in intemaiaonal 
units (l.u.) or me. per 100 a. (Divide 

FOOD 




Protein 

percent. 

Fat 
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Carbo- 
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per 1 oz. 
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per cent. 
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Fe 

P 

Ca 

-A (i.u.) 

-Bi(i.u.) 

-C(mg.) 

-D (i.u.) 

Fruh? : 

Apple, eating .... 

0-3 


12 

14 

0-2 

7 

4 

75 

25 

10 


Banana ..... 

1-1 


19 

23 

0-4 

28 

7 

300 

25 

10 

•* 

Orapes ...... 

0’6 


16 

19 

0-3 

21 

19 

50 

4- 

3 

. , 

1 Orange ..... 

O'S 


9 

11 

0-3 

23 

. 

41 

75 

25 

50 


I VyOBTABLES: 

Beans, baked .... 

6-0 

0-4 

17 

28 

2-1 

184 

61 


100 



Beans, haricot, boiled 

6-6 


17 

27 

2-5 

122 

64 

-- 


•* 

•• 

Cabbage, winter, boiled 

0-8 



2 

0*5 

16 

58 

50 

60 

50 
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Lettuce ..... 

1 1-1 i 

f I 


2 i 

i 3 i 

0-7 

30 

25 
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15 
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Onions ..... 

1 1 


1 ® 1 

1 I i 

0*3 

SO 

31 

+ 

20 

5 ; .. 

Parsnips, boiled .... 

1 : 

1 “ 1 

1 1 

1 ^ 

! 0-5 

j 30 

65 

1 -f- 

50 

15 1 .. 

1 Potatoes, old, boiled . . . i 

1 1-4 I 

i i 

[ •• i 

I 20 1 

[ 24 1 

1 0-5 

1 30 j 

4 

1 + 

4-+ 1 

+ j .. 

; Spinach, boh^ 

1 5-1 i 

i • . ^ 

! 1 i 

I 2 I 

1 ^ ^ 

i SO i 
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; 12,000 j 

30 

27 1 . . 

i Swede, boiled . . . . 1 

1 0-9 j 

i i 

1 " 1 

1 * 1 

1 5 1 

1 0*3 

E 18 i 

: . j 

41 1 

! 

17 j . . 

' Tomatoes . . . . . 1 

i 

1 1 

1 ** i 

4 j 

! 1 

4 1 

0-5 

1 25 

1 

15 

1,000 

so i 

20 1 . . ; 

1 Tomfp tops, boiled . . . . ] 

1 3 1 

i •• i 

! • ' i 

3 1 

3 

i 

; 45 

100 

6,000 

i 25 1 

20 j . . : 

: j 

1 Watercress . . . , . | 

I * . 


: 1 1 

* 1 

1-6 j 

' 52 

220 

1,500 

45 1 

60 { .. i 


1 i.n. of —JB. —3 /tg. 

1 Table prepared by W. F. Floyd and I. C^lma. 

2 M'Oance and Widdowson, Chemical Composition of Foadstuffst Med. 'Rea. Cotmcil Sp. !Eep. Ho. 235, 1040; Hawley and Manrer-2d^t, FundaTnentals of 
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^^loater, grilled .... 

16-7 

13 


63 

1-6 

263 

91 
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Cod, boiled ..... 

14-6 

0*7 


19 

0-6 

196 

12 





Haddock, boiled .... 

16-7 

0-6 


20 


178 

41 
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Herring, soused .... 

15-5 

12 


48 

1-6 

300 

53 
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Kipper, baked .... 

13 

6 


31 


230 

35 





Plaice ..... 

9-8 

1 


14 

0-3 

133 






Salmon, canned . . . . • 

19-1 

6 


39 

1-3 

285 


iBUi 

25 


Bi|B 

Mbat ; 

Bacon, fried ..... 

27 

36 

.. 

120 

4 

236 

23 


80 



Beef, lean and fat . 

21 

32 


108 

4-6 

236 

6 


60 



Ham, lean ..... 

23 

13 


60 

2-6 

244 

17 


160 



Ham, lean and fat , 

16 

40 
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2-5 
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13 
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Mutton, leg, roast , . . . 

25 

20 


82 : 

4 

240 

4 


+ + 



Pork, loin, roast 

19-5 

40 


123 

2-3 

186 

7 


200 



Veal, roast . . . . • 

30-6 

11 


64 

2-5 

366 

14 


20 



Beef, corned . . . . • 

22 

16 



9-8 
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13 


6 

• * 
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Bread, white .... 

B 


54 

74 

1-0 

73 

23 

. . _ 

25 
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66 
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SO 

25 
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20 
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1 

80 
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0-9 
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18 
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Oatmeal, dry wt. . . . . | 13-3 
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78 
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4 
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PROTEIN REQUIREMENTS 1055 

they are supplemented by small quantities of other proteins such as those of 
milk or meat. In any mixed diet, evm if wholly of flayit origin, the 'proteins 
are sure to be sufficiently varied to compensate for any individual inadequacies 
in amino-add content, if only the total amount of protein is suffidenL, The 
recommendation for adults is that the protein intake should not be less than 

1 g. per kg. body weight, some of it in the form of animal protein. In the 
British Rationing System a minimum intake of 30 g. of animal protein 
daily was guaranteed. Pregnant and lactating women need more, e.g. 1*5 to 

2 g. per kg. of total protein and (for safety) a larger amount of animal protein 

(p. 1059). , 

Nitrogenous equilibrium and unimpaired health and mental and physical 
vigour have been maintained for many months on diets which contained 
no more than 30-50 g. protein daily. But the proteins were specially selected 
and were of high biological value and the experiments were carried out on 
a very small number of subjects for too short a period. In some experiments 
nitrogenous equilibrium was maintained on 30-40 g. of protein derived 
exclusively from vegetable sources (cereals, potatoes, and other vegetables 
and fruit). To provide a margin of safety a minimum of 80 g. of protein 
should be provided in the form of a vari^ diet, Bayliss said, Take care 
of the calories and the proteins will take care of themselves,’" because if 
dietaries are studied it is found that when the calorie value of a mixed diet 
is adequate it generally contains 100 g. of protein or even more.^ 

2. Fat.^ The amount of fat consumed varies with the coimtry, economic 
status, occupation, and the general circumstances. The maximum fat 
content of the really native diets in Japan before the second world war was 
thought to be about 30 g. which was then the European mioimum. The 
amount of fat eaten increases steadily with the income (in an uncontrolled 
economy) ; the Inter- Allied Food Commission adopted 57 g. daily as the 
minimum fat ration during the first world war. 

Experiments of short duration have been carried out in which health and 
weight were maintained on diets of high total calorie value containing as little 
as 10-14 g. of fat daily. Although the body can adapt itself to partial or 
even complete deprivation of fat for short periods, deleterious effects may 
become apparent after months or years. 

The significance of fat in the diet depends on several factors. Firstly, it 
is almost completely absorbed from the alimentary canal* The bulk of the 
food becomes of importance when the total energy requirements of the body 
are very large. Weight for weight, fat has double the calorie value of starch 
or sugar. Fat, in addition, is taken without admixture in a pure form, 

^ Proteins of high and low biological value are sometimes c^ed “ first class ” and 
“ second class ” proteins respectively. As the best known individual proteins of low 
biological value are derived worn vegetable foods there has been a regrettable tendency 
to equate the terms “ first ” and “ second ” class generaEy with animal and vegetable 
proteins respectively. Such misuse of the terms should be strenuously avoided. Before 
vegetable proteins in general are dismissed as second class it should be remembered that 
many build up their muscles (i.e. meat) &om the proteins of the humble ^ass. 

Nebuchadnezzar lived for a time on grass and so it is claimed have exceptional individuals 
since his time. Many people who have been accustomed to a diet rich in animal fo<^ 
feel unhappy without it and their efficiency as workers may fall off as a result ; but it is 
hard to assess the relative importance of physiological and psychological factors in such 
cases. 

* Anderson and Williams, Physiol, Bev,, 1937, 17, 33. 
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whereas the other foods are all mixed with a considerable proportion of water * 
when starch is cooked it is swollen up with five to ten times its volume of 
water. As has been pointed out, the Swedish and American lumbermen and 
the Welsh miners obtain a large part of their huge calorie intake from fat. 
Carbohydrates are more subject to fermentative clianges in the intestine, witli 
the production of gases and general discomfort. It is advisable that the 
normal diet of 3000 Cal should contain at least 75 g. of 1‘at (700 Cal.) ; the fat 
content of the diet should always be raised when there is a large increase in 
the energy expenditure of the body, either in the form of work or because of 
exposure to cold. 

The animal fats are the most important sources of some of the vitamins, 
i.e, -A and -D (pp. 1021, 1009), The vegetable fats are an equally effective 
source of energy, but are deficient in vitamins, except -E (p. 1086). When 
butter is rationed it is essential from the point of view of the health of the 
community that margarine should have vitamins -A and -D added to make 
it equivalent to butter in its vitamin content. This has been enforced in 
Great Britain. Adequately vitaminized margarine (made from vegetable oils) 
is equal dietetically in all respects to butter, and is generally much cheaper. 

3. Carbohydrates furnish more than 50% of the energy content of 
most diets, and are a cheap and readily obtained food. If the amount of 
carbohydrate ingested is greatly reduced in amount ketosis may develop 
(p. 875). As both carbohydrate and fat serve chiefly as sources of energy, 
they can replace one another to a considerable extent, so long as precautions 
are" taken to ensure the minimum amounts of fat specified above,^ 

4. The mineral constituents of the human body amount to 4*3~4:*4%,2 

(i) The only salt commonly] consumed as such is sodium chloride ; it is 
also present in small amounts in the food, particularly in milk and in vege- 
tables. The minimum requirements are 1-2 g. of NaCl daily ; while custom 
varies considerably, the average intake is about 8-10 g. The effects of NaCl 
deficiency are considered on p, 64. 

(ii) 0*9-1 g. of calcium is needed daily ; the minimum necessary for the 
maintenance of a calcium balance isO-OS g. of calcium per 70 kg. of body weight. 
A sufficient calcium supply is very important, especiially in children, and is 
best obtained by the ingestion of liberal quantities of milk and fortified ” 
bread (cf, pp. 997 et seq,) 

(iii) 0*88 g. of phosphate is the minimum needed per 70 kg. body weight, 
but there is no risk of phosphorus shortage in a diet yielding 3000 Cal. daily 
unless large amounts of white flour are consumed as the principal cereal. 
(See pp. 1001 et seq, for main sources of phosphorus.) 

(iv) The daily intake of iron should not be less than 12 mg., an amount 
which should be increased in pregnancy and in lactation (cf* pp, 204, 1059 et 
seq,). The role of copper is considered on p, 213. 

(v) Iodine in minute traces is essential for the formation of thyroxine, 
the active principal of the thyroid gland. In districts in which the iodine 
supplies in the drinking water are insufficient, simple goitre frequently 
develops. This may be prevented, or the condition may* be cured, by the 
use of iodized table salt, or by the deliberate addition of iodine to the water 
supply (p. 987). 

^ For relative value of white and brown sugar, sco Cole, Brit, med, 1939, ii, 340. 

* Shohl, Mineral Metabolism, American Ohomical Society, 1939, 
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5. Vitamins. — The detailed distribution of the vitamins is given in the 
special sections devoted to them (pp. 151, 1008, 1021, 1024, 1038, and 1086). 
For practical purposes the following generalizations serve as an adequate guide 
during normal peace-time conditions. Fresh fruit juices and green vegetables 
ensure an adequate supply of vitamin-0. High (85%) extraction flour goes 
a long way to providing all the necessary vitamin-S complex. A plentiful 
supply of animal fats (milk and milk products, meat fat, and vitaminized 
margarine) and eggs gives all the necessary vitamin-^ and -2) for adults ; green 
vegetables and carrots are important sources oi -A \ in the case of children, 
cod-liver oil or halibutAiver oil should be added as a supplementary source of 
these vitamins. Vitamin-^ or -K requirements need not be considered in 
preparing dietaries. 

For r61e of extrinsic factor in blood formation see p. 200. 

Bread.^^^ — As bread is the most important single constituent of the diet 
in many countries, its composition deserves detailed consideration. Fig. 655 
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HORIZONTAL SECTION OF A GRAIN OF 
WHEAT ( through plane A-B ) 

Fig. 655. — Structure of Wheat Grain. (McCance, Lancet, 1946, i, 77.) 


shows a longitudinal and horizontal section through a wheat grain ; the 
main divisions of the grain are as follows ; 

(i) Bran, consisting from without inwards of the outer and inner pericarp 
and the testa (these are flbrous and constitute 4% by weight of the grain) 
and the aleurone layer (8% of total weight). 

(ii) Endosperm, divided into an outer layer (2%) and an inner part which 
constitutes 83% of the grain-weight. 

(iii) Oerm, divided into the embryo (1'2%) and the soutellum (1*5 %)• 
The composition of whole English wheat, and of the endosperm and germ, 

and of 85% and 75% extraction flour, are shown in the Table on p. 1058. 

^ McCance, Lancet, 1946, i, 77. 
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1» , . 

311 

50 

1017 

11(50 

liKK) 



l^hytaio r. 

213 

8 

87*1 

400 

1300 




Bo . . 

3 

0*5 

12 

0 

...» 

0,00 

1*4 

Ca . . 

— 


, — 

— 

— 

24*5" 

18*9 

Vitamin-/? units/^». 

,l-(5 

0*1 

1*8 

3 

(jO 

0*7 

0*25 

Bilmflavin. 

1-5 

0-4 

1*8 

1.5 


1*2 

0*6 

Nicotinic Acid 

42 

5 

184 

(50 


,10 

7*5 


Notes. — 1, The si/^n — nieaiw no data given. 

2. Canadian (Manitoba) wheat coutains KidJ g-% of prottnn, 

3. The alo\iroiie has Uie same composition as the ontei* (»ndosperm. 

4. The germ is rieli in vitamin-jW. 

Epfbots op Vabying Extbaotion Batk. — ( i) When wimat is milled 
varying proportions of the grain arc retained. With 100% extraction the 
entire grain is ground to flour ; with 85% extraction most of the bran is 
rejected but most of the germ is retained ; with 70% extraction all the 
bran and germ is lost and the flour is derived from the inner (mdosperm alone. 

(ii) Seventy per cent, extraction Hour is white, 80% is off-white, 85% is 
a shade darker, 100% is brown. 

(hi) Bran contains 20% and the germ 4-5% of the total grain proteins. 
The germ proteins are as valuable nutritionally as the proteins of milk. The 
proteins of the inner endosperm constitute 75% of the total grain proteins 
but they contain a less well-balanced and incomplete mixture of amino- 
acids. The mixed proteins of the whole grain have a high biological value 
as the main endosperm deficiencies are compensated for by the proteins of 
bran and germ. 

(iv) The minerals (Ca, P), the vitamin- JS complex (aneurin, riboflavin, 
nicotinic acid) and vitamin-i? are mainly concentrated in the bran and germ, 
as is the phytic acid (see Fig. 656). 

It is now possible to compare the relative merits of different extraction 
rates. Eighty-five per cent, flour compared with 70% Hour is slightly darker, 
keeps less well, and goes mouldy more readily ; its phytic acid content is 
higher leading to formation of insoluble Ca phytato aud loss of food Ca ; 
its fibre content is higher ; these are the disadvantages. On the other hand 
85% flour has a higher content of proteins of superior biological value and 
its content of Ca, Fe, vitamin-J5 complex, vitamin-i? (and possibl}r other 
unknown trace substances) is higher; to compensate for its phytic acid 
it contains more of the enzyme phytase which hydrolyxies phytic acid while 
the dough is being made and rising ; the harmful effect of the phytic acid 
can be safely annulled by fortifying the flour with added Ca in the form of 
CaOOg; the colour is a matter of conditioning (people can be persuaded 
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to like what they get). British experts in nutrition have strongly advised that 
the standard flour produced should be 85% extraction and that millers should 
not be allowed to revert to the physiologically inferior pre-war 70% flour.^ 


Nutritional Needs of Pregnancy 
and Lactation.— The body of a 
baby (weighing 7 lbs.) at birth contains 
about 500 g. of protein, 30 g. of Ca, 
14 g. of P, and 0-4 of Fe ; over two- 
thirds of this is laid down in the last 
3 months and one-third in the last 
month of pregnancy. In addition the 
mother lays down new protein in the 
growing uterus, breasts, and other 
tissues (perhaps another 500 g.). The 
basal metabolism of the mother at the 
end of pregnancy has increased by 25% 
or by about 350 Cal. daily. After birth 
the baby doubles in weight from 7 to 
14 lb. at 3 months and increases to 
21 lb. at 1 year ; each 71b. represents 
an amount of new tissue equal to that 
formed throughout pregnancy. 100 c.c. 
of human milk contain 1*2 g. of protein 
and 0*03 g. of calcmm, and yield 54 Cal. 
At one month after delivery the mother 
must supply the baby with 7 g. of pro- 
tein, 0*18 g. of Ca and 300 Cal. daily ; at 
6 months these amounts have risen 
to 9*5 g. of protein, 0*25 g. of Ca, and 
450 Cal. daily. The rmlk proteins 
(lactalbumin and caseinogen) have a 
specific amino-acid constitution and 
can only be formed if all the necessary 
amino-acids are supplied in the food in 
sufficient amounts; the same applies to 
the new tissues formed by mother and 
child during pregnancy. It is clear that 
the pregnant and lactating woman 



PERCENTAGE EXTRACTION 

Fig. 656. — ^Effect of Rate of Extraction on 
Composition of Flour. Canadian and 
English Flour Compared. (McCance, 
Lancet, 1946, i, 79.) 


^ Agbnb Poisoning. — Flour is commonly bleached by miUep mth NCI3 (the agene 
process) to improve its colour and baking qualities. When biscuits made from such 
flour forms the main constituent of the diet of dogs they develop “ canine hysteria ” ; 
in a severe attack the animal sits first in a sphinx-like attitude ; its head then starts 
jerking and the movements spread throughout the body. Next it starte running round 
its cage, sometimes barking furiously and either dashes into the wa^ without apparently 
seeing them or attempts to jump up them. It may then stop running and stagger round 
as though in a drunken state and gradually recover or else develop an epileptiform fi^ 
Experiments have shown that agene interacts with the proteins of flour (gliaden and 
glutehn) to form a toxic substance which is derived from methionine. 

The use of agene has been banned in the U.S.A. and Canada, Its place as an 
“ improver’* is being taken by chlorine dioxide, which in concentration far grater than 
those used commercially produces no harmful effects in dogs or other animals. (MeUahby, 
Bnt. med. J., 1946, ii, 885 ; 1947, ii, 288.) 
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needs a substantially increased protein intake^ a considerable part of wbich 
should be of animal origin. The recommendations are : for the last 3 months 
of pregnancy a minimum of 1-5 g. of protein per kg. (t.e. an extra 30 g.) daily; 
during lactation the allowance should be higher, up to 2 g. of protein per kg! 
The total caloric requirements are also increased to the extent indicated. 

Calcium requirements are discussed on p. 1000, vitamin-i) on p. 1010, and 
iron on p. 205. 

The vitamin content of mother’s milk (and cow’s milk) depends on the 
maternal diet. A good specimen of human milk contains, per 100 c.c. : 
vitamin--4, 300 i.u, ; thiamine, 10 i.u. ; -0, up to 6 mg. (three times that of 
cow’s milk) ; and -1), 10 i.u. It is advisable to supplement both the vitamin 
-0 and -D intake of the baby and the -J9 intake of the mother (p. 1064). 

Great stress must be placed on the importance of milk as a '' protective 
food ” especially for children and expectant or nursing mothers, who should 
drink at least ! pint daily. It is the only naturally balanced food con- 
taining nearly 20 g. of first-class proteins per pint, minerals (especially 
calcium and phosphate), all the vitamins (especially -A and -D), and fat. 

Mellanby^ has made the following recommendations for a diet during 
pregnancy : Milk, 1-2 pints ; green vegetables and an egg once or twice 
daily ; sea fish (for iodine content) every other day ; calf’s Ever once weekly. 
If the diet is deficient it should be supplemented with 2 ounces of cod-liver 
oil daily. The rest of the diet can be within reason whatever the woman likes. 
It should never be forgotten that a pregnant woman has to provide in her 
diet for the full requirements of the growing foetus. The future of the child 
depends to a great extent on the adequacy or otherwise of the maternal diet during 
pregnancy and lactation, 

British Rationing System,^ — The British food rationing system which 
was operated during and after the last war is a brilliant example of the 
application of our knowledge of the physiology of nutrition to the interests 
of a community faced with food scarcity. Underlying the rationing system 
there was also a moral principle which might well be adopted by all civilized 
peoples : that every member of the community must have enough before 
anyone may have more. The rationing system ensured that in spite of war- 
time scarcities the underprivileged 20% of the British people who before the 
war did not get enough to eat were also properly fed. Particular attention 
was paid to the requirements of special classes like children, pregnant and 
lactating women, and heavy manual labourers. It is the view of the British 
Ministry of Health that ‘‘ the national provision of milk and vitamin supple- 
ments to the priority groups has probably done more than any other single 
factor to promote the health of expectant mothers and young children during 
the war.” Between 1938 and 1947 the infant mortality rate per 1000 live 
births fell in England and Wales from 53 to 41 and in Scotland from 70 to 56 ; 
the corresponding figures for 1950 were 30 and 39. 

The rationing system as it was enforced towards the end of the war is 
described belowin some detail. After the war, as food became more plentiful, an 
increasing number of foodstuffs were freed from control. In these uncertain times 
one never knows when the rationing system may have to be extended once more. 

^ The advice was given before the outbreak of the second world war ; the advice is 
still good if not always or everywhere practicable. 

2 Drummond, Nutritional Requirements of Man in Light of War-time Experience, 1947 
(Boy. Inst. Chem. Lecture). 
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In Britain the foodstuffs were divided into ; (i) rationed (the maximum 
amounts of which were fixed ; (ii) regulated (controlled by more flexible 
orders) ; (iii) pointed (to each of a number of foods was assigned a point value, 
and the total number of points per head fixed for a given period) ; (iv) price fixed 
(as were (i), (ii), and (iii)) ; and (v) uncontrolled (bought by arrangement between 
buyer and seller). A child over 5 years counted as an adult ; younger children 
got smaller rations but were granted other privileges. Food could, in addition, 
be obtained in schools, canteens, and restaurants without surrender of coupons. 

Rationed and Regulated Foods. — The table on p. 1062 sets out full 
details of the 1944 arrangements for rationed and regulated foods. They 
provided daily about 30 g. of animal protein (which is probably an adequate 
total intake of first-class protein of high biological value), 60 g. of fat, half 
the necessary calcium and vitamin-^, and yielded nearly 1000 Cal. ; these 
foods are however almost devoid of iron and vitamin-0, and are very in- 
adequate in thiamine and riboflavin content. The price of the rationed foods 
was kept very low by means of heavy subsidies. 

Food on Points. — The point system is an ingenious device for controlling 
the distribution of certain classes of food which are available in insufficient 
amounts. The classes of food so controlled were : (i) most canned fish and 
all canned meat ; (ii) dried and canned peas ; beans and lentils ; (iii) sweet 
biscuits ; (vi) rice, sago, and tapioca ; (vii) syrup ; (viii) canned fruit. 
A certain number of points were allotted per head per month. The pointed 
foods enabled certain inadequacies in the diet to be dealt with ; they provided 
a choice of animal proteins, concentrated vegetable proteins, certain vitamins 
and, what is perhaps equally important, they permitted of some variety in the 
diet. Each person could exercise his own discretion in the use of his points. 
By raising or lowering the point value of any article of food the demand could 
be adjusted to the supply available at the time without manipulating prices 
and so hitting the poorer consumer. An unpopular food could be kept at a 
low point value initially to encourage trial usage ; when a public taste for 
it had been established the point value could be raised. 

Supply of Calories. — ^About 1000 Cal. daily were supplied by the rationed 
foods. The consumption of these and certain other foods was of- necessity 
greatly reduced below pre-war levels. 

The rationed food and the foods obtained on points provided in aU about 
1300 Cal., leaving 1700 Cal. still to be found to make up the necessary 3000 Cal. 
daily ; these calories came predominantly from bread and flour and potatoes. 

The pre-war consumption of bread and flour was 66 oz. per head per week ; 
during the war it rose to 72 oz. or more. Pre-war bread and flour supplied 
about 800 Cal. per day ; it now provided about 900 Cal. The pre-war average 
potato consumption was 9 oz. per head per day, yielding 210 Cal. ; the war- 
time consumption rose by one-third to 12 oz., yielding 280 Cal. 

The total daily calorie intake from the above-mentioned sources was about 
2300 Cal. 


Rationed food . . . 950 Cal. 

Pointed foods . . . 200 „ 

Bread and flour . . . 900 „ 

Potatoes .... 280 „ 


Total 


2330 Cal. 
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As no allowance has been made above for miscellaneous purchases of un- 
rationed food, vegetables, or extra milk, it is probable that the requirements 
of the sedentary worker were reasonably well covered. Heavy^ manual 
workers had to eat larger amounts of bread and potatoes and were in difiS.culties 
as they were unable to get the extra fat upon which they normally relied. 
Canteens were established in connection with most factories, which received 
additional supplies of rationed food ; special preference was given to heavy 
workers who were thus given significantly larger rations. Cheap eating houses, 
so-called British Restaurants, and expensive hotels, enabled those who had 
the money, time, or opportunity to obtain meals away from home, and enabled 
large additional sections of the population to supplement their diet to a 
variable extent. The housewife who had to get all her meals at home and 
often sacrificed her own rations to feed the rest of her family and who was 
often the hardest worked and most worried and frustrated member of the 
family was among the principal sufferers. 

Proteins. — The rations (per day) supplied 30 g. of animal protein ; bread 
and potatoes provided about 30 g. of vegetable protein. There was no 
difficulty in attaining or exceeding the 70 g. minimum. 

Pat. — The rations supplied 60 g. daSy, so minimal needs were fuUy 
covered. 

Carbohydrate. — The intake need only be considered from the standpoint 
of total calories. 

Vitamins and Minerals. — The key substances outside the rationed and 
pointed foods were bread, green vegetables, carrots, and potatoes. 

Bread. — ^As explained on p. 1058, 85% extraction fiour was used with its 
better content of proteins, iron and the vitamin-R group. Its calcium was 
less available for absorption owing to the larger fhytic add content of the 
flour which leads to precipitation of insoluble non-absorbable Ca phytate ; 
but as the flour was fortified with CaCOs (60 g. of Ca per 100 g. of flour) (which 
spoils neither the taste nor the colour) the available Ca of “ wheatmeal ” was 
increased to 80 mg. per 100 g. ^ 

Vegetables. — The consumption of green vegetables, potatoes and carrots 
increased greatly, providing additional supplies of vitamin- A and -G, 

Vitamin-A.— 1000-2000 i.u. daily were supplied by the rations. 250 g. of 
green vegetables give 2500 i.u. and 10 g. of carrots another 400 i.u. The 
standard 4000 i.u. was easily covered. 

Thiamine. — The rations supplied daily 150 i.u. ; 10 oz. daily of wheatmeal 
bread (say 300 g.) contain 150 i.u. ; potatoes and vegetables at pre-war level 
yield 120 i.u. The TT^iTn’mnm of 400 i.u. was thus easily exceeded. 

Rest of -R Complex.— Tiie low meat ration greatly reduced the riboflavin 
and nicotinic acid intake ; this was compensated to some extent by the wheat- 
meal bread ; there was also a gain in riboflavin from the raised consumption 

of vegetables. , ^ 

Titamin^C.—The rationed foods were devoid of -0. Pre-war, the average 
intake was 60 mg. daily provided mainly in equal thirds by potatoes, fruit, 
and green vegetables ; the absence of fruit was compensated for to some 
extent by the increased intake of green vegetables. Probably 30 mg. of 
vitamin-0 daily are adequate for normal health (p. 1042). 

Vitamin-D.— Some additional -R was provided by the pointed (and also 
the uncontrolled) fat fish ; e,g. 2 lb. of herring per month (==12:points) gave an 
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extra 180 i.u. of -D per day and thus made up (with 80 i.u. in the rationed 

Calcium.— Ths rationed foods provided 0-5 g. ; 300 g. of wheatmeal” 
contain 0-25 g. of available calcium ; the minimal needs were thus covered. 

X^ron —The iron intake was possibly deficient lor women during the 
reproductive period ; any shortage could easily and cheaply bo made good by 

tamng medicinal iron salts.^ « t • » / i r i c \ 

Rations fob Special Gboups.—“ Juniors (aged 6-16 years) received 
the full adult rations and a priority supply of milk (3.i pints weekly). As 
about ^ pint of daily was also supplied free at school, the total milk, 
available was 5 pints weekly. Good cheap dinners wore and are provided in 
an increasing number of schools. Children under 5 years of age also received 
adult rations (only a half-ration of meat and no tea), 7 pints of milk weekly 
at less than one-third the current prices, extra eggs, and extra orange juice 
and cod-liver oil. Pregnant and lactating women received their adult latiou 
and in addition the rations allotted to a young child. They thus received, 
eenerallv speaking, double rations (except meat and tea), 7 pints of milk, 
and some eggs above the adult ration. Pregnant and lactatmg women 
also received extra orange juice and vitemins-A and -D la codrliyer oil 
or in tablet form (each tablet contained 4000 i.u. of vitamin-J, 800 i.u. of 
vitamin-D, 250 mg. of calcium phosphate and 0-13 g. of potassium iodide). 




1 Suggestions were made during the last war to add iron sa ts to the flour, which w 
alread^eing fortified with ohalk. But f^rs that the resulting bread might be called 
ferrooncrete prevented the adoption of this otherwise (nutritionally) admirable proposal. 
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REPRODUCTION AND ITS ENDOCRINE CONTROL 


STRUCTURE AM) EUNCTIOM OF THE OVARY ^ 


The Ovarian Cycle (Fig. 657). — (1) Peimordial FoLLiCLES.-~During 
foetal life the surface of the ovary is covered by a layer of small cubical cells, 
the germinal epithelium. These cells multiply and grow down into the 
substance of the ovary ; some cells enlarge and differentiate to become ova, 
and become surrounded by a single layer of cells forming the membrana 
granulosa ; each ovum, plus its surrounding membrana granulosa, is called 
a primordial follicle. It is asserted that the ovary of a newborn baby girl 
may contain 30,000-300,000 ova. It is uncertain whether fresh ova are 
budded off from the surface epithelium after birth. Before puberty many of 
the primordial follicles enlarge because of proliferation of the surrou n d i ng 
granulosa ceUs ; but the whole structure subsequently degenerates, dies, and 
is absorbed by phagocytic cells. (This process is called /oZZicwtor atresia). 


RETROGRESSING 
CORPUS LUTEUM 


GROWING 

FOLLICLE 


GERMINAL 

EPITHELIUM 


CORTEX 


MATURING 

FOLLICLE 



RECENT 

CORPUS 

LUTEUM 


Pia. 657. — Straoture of the Ovary. (CJomer, Physiol, Rev,, 1938, 18, 166.) 

1 Physiology of Reproduction, London, 2nd edn., 1922. P^kes, IrUe^l 

Secretions of Ovary, London, 1929. Robson, Receni Advances in 8^ Physiol^y, Londo^ 
3rd edn. 1947. Allen (editor). Sex and Internal Secretions, Baltimore, 2nd edn., 1939. 
Pincus and Thimann, The Hormmes, N.Y., 1948, 1 ; 1950, 2, Symposi^, “physio- 
logical and Psychological Factors in Sex Behaviour,” Ann, N,7. Acad, 8ci„ 1947, 47, 
603-664. 

^ 1066 
34* 
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At puberty the ovary contains tens or hundreds of thousands of these 
immature primordial follicles ; of these only a few hundred will mature 
and give rise to the ova which are discharged from the ovary monthly duiing 
thirty or more years of active reproductive life ; there has thus been a vast 
overproduction of ova in relation to adult needs. 

(2) Graafian Follicles.— At puberty full follicular growth sets ia. 
Towards the end of a menstrual period one primordial follicle rapidly develops! 
The ovum enlarges and becomes surrounded by a thick tough membrane, the 
zona jpelliicida ; the granulosa proliferates to form many layers of small cells. 
Fluid then appears in these cells, first as droplets, which coalesce to form a 
cavity containing the liquor follicuU. The liquor separates the granulosa 
into two layers : (i) a thin layer which lines the inner surface of the follicle ; 
(ii) cells which surround the ovum and which form a mass (cumulus^ dism 
proUgerus) at one pole thus attaching the ovum to the margin of the follicle. 
The mesenchyme external to the Graafian follicle differentiates to form a 
thin theca interna (of small deeply staining cells) supported by an outer 
vascular layer. 

(3) Ovulation. — ^More fluid exudes into the follicle, and the pressure 
within it rises. The ovarian substance which separates it from the surface 
necroses and gives way, and the follicle ruptures. This process is known as 
ovulation. The ovum is loosened, floats freely in the liquor, escapes into the 
peritoneum and enters the Fallopian tube. Ovulation usually occurs between 
the thirteenth to seventeenth day after the fir^st day of the menstrual period 
in women but may occur earlier or later. This has boon shown by direct 
inspection of the ovaries at operation and by the recovery of ova from the 
Fallopian tubes. By the time of ovulation the ovum has undergone its 
reduction division which halves its chromosome number. 

Time of Ovulation. — An accurate knowledge of the time of ovulation in 
women is not of academic interest only. It is not known for certain how 
long an ovum survives after discharge from the ovary or how long the sperms 
can live after being introduced into the vagina ; the evidence suggests 
that in neither case are they functionally active after an interval of several 
days. For pregnancy to occur it is therefore necessary that coitus should 
take place within a few days either side of ovulation, which is presumably 
the time of maximum fertility. Coitus at other times would tend to be sterile, 
and it is suggested that the rest of the menstrual cycle constitutes a more or 
less safe period,’* i.e. pregnancy is unlikely to occur even if no other methods 
of “ birth control ” are employed. This method will, however, fail in its 
purpose if ovulation in any month is premature or delayed, and such variations 
occur frequently. There is evidence that ovulation may occur even during 
the latter part of the menstrual period, 

Fallopim Tube, — The ovum is wafted along the Fallopian tube towards 
the uterine cavity partly by the lining ciliated epithelium (which is tallest at 
the time of ovulation) and partly by contraction of the muscular wall This 
transfer of the ovum from ovary to tube is much facilitated by the slow sweep- 
ing movements of the infundibulum over the surface of the ovary ; these are 
greatest in this phase of the cycle. The activity of the tube is influenced 
by hormones; its motility is increased by oestradiol and depressed by 
progesterone. 

(4) Corpus Luteum, — ^At ovulation the lining membrane of the follicle 
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collapses into a folded layer. The blood vessels of the surrounding vascular 
layer leak and blood extravasates into the cavity of the follicle and coagulates, 
forming the corpus JiCBmorrliagicum. The membrana granulosa proliferates 
and differentiates to give rise to large pointed epithelial cells containing large 
nuclei and yellow pigment (lutein). These cells, accompanied by small blood 
vessels and thecal connective tissue elements grow into and replace the 
blood clot, forming the corpus luteum. It matures at about the nineteenth day, 
and if pregnancy does not occur it persists till just before the onset of the 
next menstrual period, when it begins to degenerate. Degeneration is com- 
pleted during the menstrual period : the connective tissue cells form collagen 
fibres which obliterate the blood vessels ; the corpus luteum loses its pigment, 
shrinks, and is finally replaced by an avascular scar. The duration of activity 
of the corpus luteum of menstruation is fairly constantly 12-14 days, unlike 
the period of follicular growth and ovulation which is extremely variable. 
If pregnancy occurs the corpus luteum continues to grow for several months, 
attains a large size and begins to degenerate at about the sixth month. 

The control of the ovarian cycle by the anterior pituitary gonadotrophins, 
i,e, follicle-stimulating hormone (FSH), luteinizing hormone (LH), and 
prolactin (luteotrophm) is considered on p. 1083. 

Interstitial Cells. — There are none in the adult human ovary. When 
well developed, e.g, in the rabbit, they consist of typical epithelial cells, 
without ducts, and with an abundant blood supply. The cells are polyhedral 
in shape, and contain numerous granules, chiefly of a lipide nature, which may 
represent their secretory product. They are not found at all in about half the 
species which have been examined. Little is known about their functions 
(cf. p. 1104). 

The changes in the ovary at the menopause are described on p. 1069. 

Functions of the Ovary. — In addition to its essential function of 
discharging ova (p. 1066), the ovary secretes two hormones : (i) an oestrus- 
producing {oestrogenic) substance called cestradiol, formed perhaps by the 
foUicular tissue ; (ii) progesterone formed by the corpus luteum. By means 
of these two hormones the ovary regulates the activities and nutrition of 
the rest of the reproductive organs. It is responsible for the following 
changes : 

(i) The growth and development of the uterus, Fallopian tubes, and vagina 
at puberty. 

(ii) The oestrus cycle in lower mammals (p. 1074) and the changes of the 
menstrual cycle in women (and apes and monkeys). 

(iii) The appearance and, in some oases, the persistence of the secondary 
sexual characters. 

(iv) Certain of the bodily changes that take place during pregnancy, 
especially the embedding of the ovum in the uterus and the development of 
the placenta. 

(v) Some of the changes which take place in the mammary glands 
(p. 1092). 

Puberty. — This is the period during which the ovary and the accessory 
reproductive organs (e.g. uterus, vagina, breasts) begin to grow and develop, 
and secondary sexual characters begin to appear These processes begin at 
the age of 10-14 years. Puberty is regarded as ending with the occurrence 
of the first menstrual period, usually at 13-15 years, the range being 10-15 
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years. The main changes that take place at piiberty are summarized below. 

(1) Complete ovarian cycles occur characterized by ovulation and corpus 
luteum formation. The onset and recurrence of the ovarian cycle is duetto 
the action of the gonadotrophic hormones of the anterior pituitary whict 
begin to be secreted at this time. The factors initiating anterior pituitary 
activity are unknown. 

(ii) The uterus and vagina enlarge ; the growth curve of the reproductive 
organs is shown in Fig. 600, D. The muscle fibres of the uterus increase in 
number and size ; the mucous membrane thickens and the gland alveoli 
become larger. The pubertal changes in the uterus and vagina can be 
produced experimentally in immature animals by injection of oestrogens. 

(iii) The breasts begin to appear as a result of outgrowths of ducts from 
the nipple area, and an increase in the amount of fat, connective tissue and 
blood vessels. Such changes as occur before the onset of ovulation are due 
entirely to oestrogen; during adolescence, owing to the action of both 
oestrogen and progestin, glandular alveoli appear and progressively increase 
in size and numbers with each ovarian cycle (of. p. 1092). 

(iv) The secondary sexual characters develop ; these include the female 
distribution of fat, ^ving the characteristic curves to the body, and the 
appearance of hair in the axilla and on the pubes (in the latter region the 
upper hair margin is concave upwards). 

(v) Important psychological changes take place as the girl matures 
mentally and emotionally through adolescence to young womanhood. 

Extirpation of Ovary.— (1) Befoeb Puberty.— Little is known about 
the results of extirpation of the ovary before puberty in girls. Probably 
puberty does not set in, the menstrual flow does not appear, and the secondary 
sex characters do not develop. It is obvious that the presence of the ovary 
is essential for the onset of puberty, though indirectly the anterior pituitary 
is the dominant factor (p. 1083). 

(2) In Adults. — Following extirpation of the ovary in adults, there is 
atrophy of the whole genital apparatus — the uterus, the vagina, and the 
external genital structures. Menstruation ceases permanently. Vasomotor 
changes are common, e.y. flushing of the skin of the face, neck, and upper 
chest hot flushes *’), sweating and a feeling of suffocation. The effects 
on the breasts are variable : they may increase in size, owing to local accumu- 
lation of fat, or they may shrink because the glandular tissue atrophies. 
Obesity develops from diffuse deposition of fat. Conflicting reports are given 
concerning the effect on sexual desire, but it is often unaffected ; thus in 
women as in men, though sexual desire is modified by sex hormones it may 
in large measure be independent of them and be determined by nervous 
(f.e. emotional and mental) factors. It is also quite certain that sexual desire 
may persist, sometimes to a heightened degree, in women after ovarian 
atrophy at the menopause. Complete ovariectomy may result in considerable 
emotional disturbance, varying from a certain amount of irritability or 
depression to a condition closely allied to insanity (cf. the results of castration 
in the male, p. 1108). 

Menopause. — The menopause (climacteric) is the period of life when 
menstruation naturally ceases and other phenomena identical with those 
just described make their appearance. It xxsually occurs between the ages 
of forty-five and fifty, although it may set in earlier or later. The condition 



MENSTRUAL CYCLE 


1069 


is associated with marked changes in the ovaries : they become smaller, the 
Graafian follicles disappear and are replaced by fibrous tissue ; ova, corpora 
lutea, and the internal secretions of the ovary are no longer formed. These 
ovarian changes are not due to lack of anterior pituitary hormones, but to a 
‘‘ senile ’’ change ^ in the ovary itself which no longer reacts to the hormones 
which normally stimulate it. 

Ovarian Grafts . — When the ovaries are grafted into ovariectomized 
women, they may function for a time, usually for about twelve months. 
During this period they remain normal in structure, and undergo cychc 
ovulation. Degeneration then sets in, affecting first the corpora lutea and 
later the follicles which become cystic. While the grafts function, normal 
cyclical changes take place in the other organs of reproduction {e.g. the 
uterus). These experiments prove conclusively that the ovary forms one or 
more internal secretions. 


THE HtJMAN MENSTRUAL CYCLE 

Structure of Uterus. — The body of the uterus consists of the following 
layers from without inwards : 

(i) Serous coat. 

(ii) Thick muscular coat supphed by sympathetic nerve fibres. 

(iii) Mucous membrane or endometrium which undergoes characteristic 
changes during the menstrual 
cycle. 

Two kinds of blood vessels 
enter the endometrium from the 
deeper layers : 

(i) Spiral arterioles which 
take a very tortuous course to 
the surface to break up into 
capillaries which supply the 
superficial third of the mucosa. 

(ii) Straight arterioles which 
run for only a short distance to 
supply the basal two-thirds of 
the mucosa (Fig. 658). 

Stages of Menstrual 
Cycled (Figs. 659, 660).— 

(1) Peolu’Erativb Stage.^ — 

When the damage resulting 
from the menstrual period has 
been fully repaired [e.g. on 
about the fifth or sixth day) 
the proliferative phase begins. 

The endometrium is initially 
thin {e.g. under 2 mm.) and 

^ The term “ senile *’ is hardly a happy one ; the ovarian change is one which normally 
occurs at a particular age. 

® It should be emphasized that the menstrual cycle is unrelated to the cestrous cycle 
of lower mammals (e.gf. rodents). 
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Fig. 658. — Blood Vessels of Uterine Mucous 
Membrane. (After Comer, HormoTies in 
Human jR&production, Princeton, 1946.) 
KoTB.— (i) Uterine glands ; (ii) spiral arteries supply- 
ing inner tlurd of mucosa; (iii) straight (basal) 
armries supplying basal part of mucosa. 
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consists of a ciUated columnar epithelium (whicli beats towards the exterior), 
dipping down into a loose stroma to form simple tubular glands. During 
the next 8 days or so (t.e. 6th-14th day) the mucosa thickens, becomes more 
vascular, and the glands elongate and become dilated in their deeper part. 



Fia. 660. — ^Endometrial Changes during Menstruation (Rhesus Monkey). (Comer, 
Hormones in Human Beproiitction, Mnceton, 1946.) 

A. First day of flow ; 6Z., small coUectioiis of blood in the lining of the uterus. Progestational pattern of 

glands still present. 

B. Third day of flow. Note loss of superficial part of endometrium ; the progestational pattern of the 

glands has disappeared. 

(2) Pbemenstrual (Progestational) Stage (15th-28th day). — The 
endometrium progressively increases in thickness, e,g. to 4-5 mm. The out- 
standing features are the increase in the length and diameter and the change 
in the outline of the glands ; they are greatly distended with mucus and the 
lining is thrown into folds which project into the lumen giving the gland wall 
a saw-edge, tufted appearance. The stroma cells proliferate and enlarge, 
become more closely packed and resemble those seen in the early placenta. 
The blood vessels are congested and exudation of clear and blood-stained 
fluid occurs. 
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(3) Menstkuation (lst-4tli or 5th day).— This stage is characterized by 
bleeding and shedding of the superficial part of the endoinctrium, leaving 
the basal (deeper) layer intact* The mechanism is obscure. It is suggested 
that the spiral arteries close down (perhaps for hours). Owing to the resulting 
iachoemia the related region of the mucosa undergoes necrosis and the walls 
of the contained capillaries arc weakened. WlicTi tlie spasm passes away and 
the circulation is restored, blood leaks out through the damaged and destroyed 
areas of the capillary wall into the stroma, under the superficial epithelium, 
and into the lumina of the glands. The necrotic endometrium, together with 
exuded blood and much mucus, is cast o ff into the lumen of the uterus, whence 
it passes to the exterior. Menstrual blood which escapes rapidly foom the 
uterus clots promptly, yields abundant fibrin, and contains thrombin. If the 
blood is retained longer in the body of the uterus, partial clotting takes place 
there or films of fibrin may be deposited on the endometrium. Intra-uterine 
clots when long retained undergo a secondary process of liquefaction. 

It must not be supposed that this destructive process occurs simultaneously 
throughout the endometrium ; if it did the whole of the superficial part of 
the mucosa would be rapidly sloughed off and a sudden large hsemorrhage 
would occur. At any one time the process is probably affecting only small 
scattered areas of the endometrium. The flow of blood into the vagina takes 
place in tiny spurts or trickles at intervals of 1-15 minutes. By the end of 
4 or 5 days the whole endometrium has been affected, the destructive phase 
in any area being soon followed by repair. The surface epithelium and the 
simple tubular glands are restored by outgrowths from the persistent basal 
ends of the glands. 

The total blood loss in normal women in one menstrual period varies 
from 10-210 c.c. with a mean of 4=0 c.c. There are variations in the length 
of the complete menstrual cycle in any one woman ; no woman is absolutely 
regular and the range of cycle length may be 28±9 days. 

Anovulatoky Menstrual Cycle. — In rhesus monkeys anovulatory 
cycles may occur in which no ovulation takes place and no corpus luteum is 
formed. The endometrium then only shows the changes characteristic of the 
proliferative stage ; the duration of these cycles is the same as that of a 
normal ovulatory cycle. When bleeding occurs it is similar in duration and is 
accompanied by the same kind of vascular changes as in ovulatory cycles. 
Many workers urge that the bleeding at the end of an anovulatory cycle 
should also be designated menstruation. Anovulatory cycles also occur 
infrequently in women, chiefly in young girls and near the time of the meno- 
pause. 

Mechanism of Menstrual Cycle. — (1) Experimental Uterine 
Bleeding (Fig. 661, A). — (i) When both ovaries are removed in monkeys (or 
women), a single episode of bleeding occurs after a few days, irrespective 
of the phase of the cycle at which the operation is performed. The bleeding 
is thus related to withdrawal of an ovarian factor (or factors) which influences 
the uterus. 

(ii) If a monkey is ovariectomized and immediately afterwards given a 
course of oestrogen injections, no bleeding occurs after the operation. But 
as soon as the oestrogen treatment is stopped bleeding occurs from the 
endometrium which is in the proliferative phase (Fig. 661, B), This experi- 
ment seems to reproduce what takes place in anovulatory cycles in intact 
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animals in wMcli only oestrogen is secreted ; in such cycles, when the 
unruptured follicle begms to degenerate and stops secreting oestrogen, bleed- 
ing takes place. Bleeding can thus result from oestrogen deprivation (or even 
from a lowering of the previous blood oestrogen level). 

(iii) An ovariectomized monkey is given oestrogen to build up the prolifera- 
tive phase of the endometrium. (Estrogen treatment is then stopped and is 
replaced by injections of progesterone. No bleeding occurs in spite of 
oestrogen deprivation ; the presence of progesterone inhibits the bleeding and 
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Fiq. 661 . — Diagram to Illustrate Hormonal Control of Menstrual Cycle. 

also builds up the progestational phase of the endometrium. On stopping 
the progesterone treatment, the endometrium which has been deprived of 
the influence of both oestrogen and progesterone bleeds (Fig. 661, G). 

(2) Mechanism of Normal Menstrual Cycle (Fig. 661, D).— In the 
normal menstrual cycle the sequence of events is probably as follows. During 
the growth of the Graaflan folHcle up to the stage of ovulation, oestrogen alone 
is secreted by the ovary and gives rise to the proliferative phase.^ When 
the corpus luteum develops it secretes progesterone and also continues to 
form oestrogen. Under the influence of the combined action of these two 
hormones the progestational stage is produced. When the coitus luteum 
degenerates the endometrium is deprived simultaneously of the supporting 
action ” of both hormones, and bleeding occurs. It must be presumed that 
the hormones have a specific action on the spiral arteries of the endometrium. 
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In its spatial arrangement tte ring system is relatively flat {i,e, in tlie 
plane of the paper, as conventionally written). Substituents (replacing 
any H) stick out on one side or other of the plane of the molecule. Those 



rizC 


,CH .CHz 
*^CH2 ^CHz 


Briefly written so. 


Fig. 662 . — Structure of Steroids. 


projecting towards the observer axe termed jS substituents, and those 
projecting away are called a substituents. 

The direction of the projection is shown thus : 


/M/ 


/V\ 


AA 


3*P hydroxy compound. 


3-a hydroxy compound. 


The continuous line indicates projection towards ^ and the broken line 
projection away from, the observer. 

In naming the steroids the following conventions are used : 

-ane : fully saturated compound. 

-ene : unsaturated compound ; -diene, -triene, represents the presence of 
2 or 3 double bonds. 

-one: presence of ketone (: C=0) grouping. 

-ol: presence of hydroxyl (alcoholic or phenolic —OH grouping). 

Physiological Steroids. — The steroids of physiological interest include : 

(i) (Estrogens [infra), 

(ii) Progestins (p. 1077). 

(iii) Androgens (p. 1076). 

(iv) Adrenal cortex hormones (corticoids) (p. 959). 

(v) Cholesterol and related substances like coprosterol and ergosterol 
(p. 799). 

(vi) Yitamin-D precursors (p. 1010 ). 

(vii) Bile acids {e,g. cholic acid) (p. 798). 

(viii) Cardiac glucosides like digitoxigenin (of digitalis). 

(ix) Carcinogens, like methyl cholanthxene. 

(Estrogens (Folliculoids) '(Fig. 663). — The structure is based on 
cestrane, which differs from the basic steroid shown in Fig. 662 in having a 
jS CH 3 group replacing the H attached to the 0 in the 13 position. There 
are no double bonds ; all the C atoms have enough H atoms to fill up their 
quota of 4 valencies. 
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A derivative of cestrane is oosMriene (tlirec double bonds ; these join 
the following carbons : 1 : 2 ; 3 ; 4 ; and 5 : 10. to give an aromatic ring, A). 



OEstrane. 



U^tstratrieno. 



In ovary. Activity : 
6 X oQStrono. 



(Estrone 
In urine. 


Eig. 663.— Structure of (Estrogens. 



In urine ; weaker than 
ooBtrouo. 


The natural oestrogens are substituted derivatives of cestratriene, thus : 

(i) (Estrediol (-diol= dihydroxy) : the two OH groups are in positions 
3 and 17. The 3-OH group is pJienolic. 

(ii) (Estrone ; 3-hydroxy-17-keto-oe8tratnene. 

(iii) (Estriol (-triol=trihydroxy) : the three OH groups are in positions 

3, 15, and 17. . . 

ANDUoaENS (Testoids) (Fig. 664).~Thesc arc baaed on androstane, 
which is cestrane with a second methyl, i.e. (CH3) group attached to Cjo ; 
androstane is thus 10-mothyl cestrane. 

(i) Androsterone is 3-hydroxy-17-keto-androstane. 

(ii) Testosterone is 3-keto-17-hydroxy-androsteno (1 double bond joms 
C4 and C5. 




Testosterone. 

In testis ; action on comb growth 
10 X androsterone ; accessory re- 
productive organs of mammals: 
very active. 


Androstane. 


Androsterone. 

In male urine. Comb growth + ; 
accessory reproductive organa 
of mammals : slight action, 


664. — Structure of Androgens. 



OESTROGENS 


107T 


Progestins (Luteoids) (Fig. 665), — The basic compound is fregnane 
which resembles androstane, but has a — CH2— OH3 side chain attached to 
C17. (The CHg attached to Ciq is numbered 19 ; the CH3 attached at C13 is 
numbered 18 : the C atoms of the side chain attached to C17 are numbered 
20 and 21.) Pregnene has one double bond joining C4 and Cg. 




(i) Progesterone is 3 : 20-diketo-pregnene. 

(ii) Pregnanediol is a fully reduced derivative of progesterone with 6 
additional H atoms. 

(Estrogens (CEstrus-producing Substances). — As oestrus does not 
occur in women and the higher primates, this term is a misnomer when 
applied in these species to oestradiol and related substances. The term is, 
however, sanctioned by historical reasons and common usage. The principal 
natural oestrogens in women are (i) oestradiol which is probably the hormone 
secreted by the ovary ; (ii) cestrone and cestriol, less biologically potent sub- 
stances which are derived from oestradiol and are secreted in the urine. 

Sources. — (Estrogens can be extracted from the ovary (both the Graafian 
follicle and the corpus luteum) ; the placenta ; the adrenal cortex ; the testis ; 
and normal adult male as well as female urine. There is a large excretion in 
the urine of pregnant women ; surprisingly, there is also a large excretion 
in the urine of stallions. 

Production and Fate oe (Estrogens. — (i) Injection experiments show 
that about 10 per cent, of injected oestrogen is excreted in the urine ; this 
fact is made use of to calculate the natural rate of oestrogen formation. 

(ii) An adult woman excretes in the urine about 1 mg. of oestrogen per 
month, corresponding to the formation of 10 mg. per cycle. QEstrogen is 
excreted in the urine throughout the cycle, reaching its peak at about the 
time of ovulation ; this is beUeved to be derived from the cells of the Graafian 
follicle whose secretory activity increases as it grows and matures. (Estrogen 
is also secreted during the second (or corpus luteum) phase of the cycle ; 
there may be a secondary rise in oestrogen output at this time in the urine. 
It seems, therefore, that the corpus luteum is a dual gland secreting both 
oestrogen and progesterone. As mentioned above, oestrogen can be exfiiracted 
from the corpus luteum as well as from the follicles. At the menopause, as 
the follicles progressively disappear, the urinary excretion of oestrogen declines 
and finally ceases. No oestrogen is excreted by children before puberty. 

(iii) (Estrogen is excreted m increasing amounts during the last six months 
of pregnancgj ; when its excretion is at its peak during the last three months- 
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tlie daily (Bstrogon output is 15-4:5 mg. per day (mostly as oestriol, to a small 
extent as oestrone). The oestrogen of pregnancy is formed by the placenta: 

(a) the amount excreted is related to the sixe of the placenta (Fig. 669) ; 

(b) excretion falls rapidly to normal levels after expulsion of the placenta! 

(iv) The significance of the oestrogen content of the adrenal cortex and 
testis is unknown. (The adrenal cortex also contains androgen (cf. p. 968). 

(v) (Estradiol is metabolized largely in the liver ; it is partly oxidized to 
inert compounds, and partly converted to weaker derivatives like oestrone 
and oestriol, which are then conjugated with glucuronic and sulphuric acids 
and finally excreted in the urine. In hepatic ini^ujficieney signs of oestrogen 
overactivity appear. 

Artificial (Estrogens. Some highly ])otent mstrogens have been 
synthesized which differ in their chemical structure from the natural oostrogens. 
Since the natural substance oestrone has now been synthesized it is more 
appropriate to call these compounds “ artificial ” rather than ‘‘ synthetic” 
oestrogens. 

Dihydkoxystilbene Compounds. — These compounds have the general 
formula : 

Rl R2 

The best-known compound of this group is that in wiiich both and Ej 
are OjHj groups diethyl) stilbmtrol, or more simply stilbaatrol). 

Other closely related compounds arc hoxcestrol, benzcostrol, and diencestrol. 

CHz CHz CH CH 

I I II 

CH3 CH3 CH3CH3 

Hoxcestrol. Dioucostrol 

Ethinyl (Estradiol. — This synthetic oestrogen differs from those 
mentioned above in that it is merely a modification of the natural hormone, 
oestradioL 



Unlike the natural oestrogens the artificial substances are highly active 
when given by mouth. (Estradiol, as stated above, is rapidly metabolized by 
1 Dodds, Quart. J. Pharmacy Phanmeotf 1949, 1, 137. 
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the liver ; when administered orally and absorbed via the portal vein, it is 
largely inactivated during its passage through this organ. Stilbcestrol is much 
more resistant to such changes, though a small faction appears in the urine 
as the monoglucuronide. Stilbcestrol also has the advantage of being cheap 
to prepare. 

The relative oestrogenic potencies of these different substances vary greatly 
according to the test used. The most reliable comparison can be made in 
ovariectomized women by determining the total dose which must be given for 
2 weeks to produce ‘‘ oestrogen with(&awal bleeding (p. 1072). In this way 
it has been shown that stilbcestrol is 4 times as potent as dienmstrol, and 18 
times as potent as hezoestrol ; stilbcestrol, however, is more liable than the 
other compounds to produce nausea in therapeutic doses. Ethinyl cestradiol 
is the most potent oestrogen known, and is about 50 times as powerful as 
stilbcestrol.^ 

Actions of CEstrogens. — (1) Relation to (Estrus. — In the lower 
mammals the outstanding effect of oestrogen is to produce the uterine, vaginal, 
and other somatic and psychic effects characteristic of oestrus (p. 1074). 

(2) Action on Uterus and Adnexa in Women.^ — In ovariectomized 
women undergoing oestrogen treatment the uterine muscle fibres increase in 
number and size and their spontaneous motility is enhanced ; the atrophied 
mucosa develops ; there is also some increase in the size and vascularity 
of the cervix. The secretory activity of the cells lining the Fallopian tubes 
is stimulated and the motility of its muscle coat and of the cilia is increased. 
Stratification of the vaginal epithelium is promoted. 

(3) Relation to Menstrual Cycle. — In ovariectomized women the 
injection of large doses of oestrogen produces changes which are identical 
with the proliferative phase of the menstrual cycle. When oestrogen injections 
are stopped, uterine bleeding occurs. 

In some monkeys reddening and sweUing of the perivulval (sexual) skin 
is produced ; fluid is also retained in the shin generally. 

(4) Breast. — (Estrogen produces various degrees of proliferation of the 

ducts and occasionally of the alveoli of the breasts (p. 1092) ; it also induces 
growth of the epithelium of the nipple in both sexes. Cancer of the breast 
may be produced in susceptible mice (see footnote 1). ^ ^ ^ 

(5) Action on Anterior Pituitary. — (Estrogen inhibits the secretion 
of the anterior pituitary hormones, including the gonadotropins. In large 
doses oestrogen may thus indirectly cause atrophy of the ovaries and conse- 
quently arrest of menstruation, atrophy of the testes and ^^^^7 ^ both 
sexes. (Estrogen has no direct action on the ova^ or testis. The normal 
regulation of gonadotrophic secretion by oestrogen is considered on p. 1085. 

(6) R6le in Pregnancy and Parturition.— S ee pp. 1087, 1091. 

(7) Therapeutic Uses.— See p. 1082. 

Functions of Corpus Luteum, Progestins. Progesterone,— The 


1 Many substances have been extracted ff cm tar or prepared syUtheticaUy which are 
carcinogenio, i.e. when painted repeatedly on the skin of the rat they produce ^cer; 
1 hough these substances differ markedly chemically from the natural cestrogeM t^ are 
also capable in massive doses of inducing oestrus. Conversely, lar^ do^ of oestrogen 
may produce cancer of the breast in susceptible strains of mice. There is no je^u to 
suppose, however, that the doses of oestrog^ used dimcally may be fuHowed by this 

disastrous result in women. , i. i i.. 

* Similar results arc obtained in the primates m which a meustmal cycle occurs. 
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corpus luteum, through its active principle progesterone is responsible 
for: 

(i) The p/me in the non-pregnant human uterus. < 

(ii) Certain breast changes. 

(hi) The development of the placenta (decidua) during pregnancy and 
the embedding of the fertilized ovum in the uterus. 

(iv) Certain other changes during pregnancy, 

1. Relation of Progesterone to Menstrual Cycle.»-In the normal 
cycle the secretion of progostrone begins two days after the occurrence of 
dvulatioh and stops about two days before the onset of menstruation. During 
these 10-12 days, 50-100 mg. of progesterone arc secreted of which about 
one-quarter is excreted in the urine as Na pregnanediol glucuronidate. The 
rdle of progesterone on the menstrual cycle is considered on p, 1073. 

3. Functions During Pregnancy.— (1) Plaoeota Formation Am Bm- 
BBUDINO OB Ovum. — The relation of the corpus luteum to these functions 
is illustrated by the following experiments : 

(1) As stated on p. 1084, ovulation in the rabbit only occurs after coitus; 
following rupture of the follicles, corpora lutea develop. If copulation is 
carried out by sterilized bucks, corpora lutea are formed, but, of course, no 
pregnancy ensues. During the period of persistence of the corpus luteum the 
uterus shows growth changes in its mucosa, similar to those of early pregnancy. 
If a mechanical stimulus is applied to the uterine mucosa (simulating the 
presence of a fertilized ovum) very marked local growth occurs, leading to 
the development of a decidua, i.e. placenta formation has been artificially 
induced. The corpus luteum thus forms an internal secretion which sets up 
the growth progestational ’*) changes in the mucosa that are necessary for 
the embedding and development of the fertilized ovum. 

(ii) If the corpora lutea are removed from rabbits 20 hours after mating 
(when the fertilized ova have been in the Fallopian tubes for about 10 hours), 
no progestational changes occur in the uterus, and none of the embryos live 
after the fourth day. The above experiment is then repeated, but after the 
ovariectomy, extracts of corpus luteum (or progesterone) are administered 
for 5 or 6 days. The embryos persist, and histological examination of the 
uterus at the end of this period shows progestational changes identical with 
those seen in normal pregnancy. If the injections are continued long enough 
the pregnancy may go on to term. [(Estrogen has no such effects.] 

The presence of the fertilized ovum in the uterus causes the corpus luteum 
to persist till the end of pregnancy. The responsible agent is chorionic 
gonadotrophin which is formed by tne placenta (it is also responsible for the 
Aschheim-Zondek reaction and the other diagnostic tests of pregnancy 

(p. 1088)). 

(2) Action on Uterine Muscle. — Corpus luteum extracts (progesterom) 
in rabbits reduce the spontaneous activity of the uterine muscle and its 
responsiveness to oxytocin ; the uterus can thus enlarge progressively to 
accommodate its expanding contents during pregnancy. If the corpus 
luteum is made to persist too long by injections of anterior pituitary extracts 
the onset of parturition is delayed. On the basis of these experiments it 
has been suggested that degeneration of the corpus luteum at the end of 
pregnancy may be a necessary condition for the onset of labour. There 
may, however, be important species differences, as in women injection of 
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progesterone may induce slow uterine contractions of high amplitude. The 
progesterone secreted during the latter part of pregnancy in women would 
then not induce uterine quiescence, nor would the cessation of progesterone 
secretion help to promote parturition. 

In women the placenta also secretes progesterone and is thus concerned 
with its own growth (p. 1088). If ovariectomy is carried out in women 
early in pregnancy the foetus may go to term in spite of the absence of the 
secretion of the corpus luteum. 

(3) Action on Breasts. — The corpus luteum is one of the factors con- 
cerned with the growth of the alveolar tissue of the breasts during pregnancy 
(p. 1092). 

(4) Inhibition of Ovulation. — ^During pregnancy, ovulation (and 
menstruation) do not take place ; this is probably related to the persistent 
secretion of progesterone. Experimentally, injection of progesterone prevents 
ovulation and delays the onset of menstrual bleeding ; it is not known how 
it produces the former effect. 

Relaxin ” AND Pelvic Ligameots. — In the latter part of pregnancy 
the pelvic ligaments relax in preparation for the stretching which 
accompanies labour. This response is attributed to a substance called 
“ relaxin,” which, though not yet chemically identihed, is distinct from 
oestradiol and progesterone. It is formed mainly by the placenta, and to a 
much smaller extent by the uterus, from which it may be liberated into the 
blood stream by the actions of progesterone or cestradiol. 

3. Chemistry of Corpus Luteum Group (Fig. 665), — This subject has 
been considered on p. 1077. The active principle which has been extracted from 
the corpus luteum is progesterone* It has been synthesized from stigmasterol 
(a sterol found in soya bean) which is closely related to cholesterol. An inactive 
derivative — pregnanediol — ^is found (as the glucuxonide) in the urine of 
pregnancy, rising in amount from the eighth week to about eightfold at 
parturition. It also appears in the urine during the second half of the normal 
menstrual cycle and disappears again just before the onset of menstruation. 
It is an index of the secretion of progesterone about 25% of which is converted 
to pregnanediol. 

Progesterone-like substances have been synthesized, the most important 
being ethisterone (pregneninolone) ; these compounds have the advantage of 
being active when administered by mouth (unhke progesterone). The 
formula of ethisterone is shown in Fig. 666 and should be compared with that 
of progesterone (p. 1077). 



Fig. 666. — Struottire of Ethisterone. 


Progesterone is related chemically to certain of the adrenal corticoids 
(Fig. 610) and may preserve life in adrenalectomized animals. 
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Therapeutic Uses of Sex Hormones.— 1, (Esthogens.— T he substance 
of choice clinically is stilbcsstrol (p. 1078) which is clieap and caji be given by 
mouth. The therapeutic uses of oeatrogena are auinmarijced below. ^ 

(1) Menopausal Symptoms, — (Estrogen controls satisfactorily the hot 

flushings which are a comiuon and troublesome symptom. If suitably 
administered together with progesterone a normal nienstrual cycle can be 
produced in ovariectomized women ; as amenorrhcna itself is harmless, little 
advantage is gained by the patient from this interesting i)hysiolocrical 
experiment. ^ 

(2) Dela7jed Puberty. — The age of onset of menstruation and sexual 
maturity in girls in Britain is 10-15 years ; but 25% of girls do not menstruate 
till they are 16 years of age or over. If the sexual organs are still immature 
at the age of 18 it may be advisable to administer mstrogeu to promote the 
growth of the persistently infantile uterus and of the breasts. 

(3) Yuha and Vagina, — (Estrogen increas<*.8 the thickness and degree of 
stratification of the vulval and vaginal epithelia ; it has proved of value in 
allaying mlval itching and especially that aswsociated with kraurosis mlva 
and senile vaginitis. Combined with sulphonamitle, mstrogon may be of use 
in the treatment of gonorrhoeal vulvo-vaginiUs, 

(4) Qilstrogon modifies the mucous membrane of the nose and has 
been useful in the treatment of atrophic rkinMs, 

(5) Breasts. — If given before the onset of lactation^ mstrogen may inhibit 
the secretion of milk by the breasts ; once lactation is well established it is 
less effective. [Androgens act ainnlarly.J 

(6) Carcinoma of Prostate.---Thc use of cestrogens in this condition is 
considered on p. 1116. (Estrogens do not benefit cases of smvple hypertrophy 
of the prostate (of. p. 1117). 

(7) Abortion. — Stilboestrol (but not natural mstrogen) given early in 
pregnancy interferes with the implantation of the ovum and may produce 
abortion. 

(8) Menstrual “Qistrogens are commonly used empirically 

in a variety of ill-understoo<l menstrual disorders in tlie hope that some 
benefit may result. Large doses may have a dramatic haemostatic effect in 
patients with prolonged and heavy uterine bleeding. 

2. Pkogestbuone Geouc* — M embers of the progesterone group are 
sometimes useful in cases of repeated abortion. As pointed out on p. 1091, 
progesterone in women may induce slow contractions of high amplitude. Its 
claimed beneficial effects in preventing abortion may tbertfforo be due to its 
capacity to stimulate the development of the decidua and the formation of 
the placenta in patients in whom progesterone secretion is deficient. 

3. Andeookns. — T he action of the androgens in the female may be con- 
veniently referred to hero. They may be : (i) androgenic, i.e. masculinizing, 
producing, for example, growth of the clitoris ; (ii) gymecogenic, i.e. feminiz- 
ing, promoting growth of the infantile ute.rua and causing mstrous changes 
in the uterus ; (iii) in very large doses they may depress the pituitary gland 
and thus indirectly inhibit ovulation and menstruation and influence the 
breasts. Clinically the androgens have proved beneficial in cases of excessive 
uterine bleeding (meuorrhajgia) ; large doses of testosterone may have 
temporary beneficial effects in carcinoma of the breast^ acting particularly on 
bony metastases by causing sclerosis ; like the oestrogens the androgens may 
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inhibit lactation. Ad mini stration of these substances is not free from dis- 
advantages, as they may cause growth of a beard and breaking of the voice 
{i,e, general phenomena of mascuhnization). 


RELATIONSHIP OF ANTERIOR PITUITARY TO OVARY, 

THE GONADOTROPHINS 

Anterior Pituitary and Ovary. — The anterior pituitary by means of 
its gonadotrophic hormones initiates the cyclic changes in the ovary at 
puberty and regulates these changes throughout active sexual life. It causes 
the ovary to secrete its hormones, Le, oestrogen and progesterone. Indirectly, 
therefore, the pituitary controls the structure and functions of the rest of the 
reproductive apparatus and the secondary sexual characters in the female. 



Pig. 667. — ^Action of Anterior Pituitary Transplants on Immature Ovary in Rat. 

(Smith and Engle, from Parkes, Internal Secretions of the Ovary.) 

A and B are ovaries of litter-mate, immature rats. 

A —untreated. , , 

B— received four daily transplants of anterior pituitary material. 

Note the great increase In the size of the ovary of B and the formation of many mature Graafian 
follicles 

(1) Results of Hypophysectomy. — Hypophysectomy in immature 
animals causes the ovaries to remain infantile ; in adidt animals cyclic 
ovarian activity ceases. Anterior pituitary transplants in immature animals 
cause rapid growth of the ovary and precocious onset of ovulation and 
corpus luteum formation (Fig. 667) ; many ova are discharged.^ In adult 
hypophysectomized animals pituitary transplants restore cyclic ovarian 

activity. . , 

(2) Pituitary Gonadotrophins.— The anterior pituitary acts on the 
ovary by means of three hormones : 

(i) Follicle-stimulating hormone (FSH).^ ^ ^ ^ 

(ii) Luteinizing hormone (LH) which is chemically identical ^rith inter- 
stitial-cell-stimulating hormone (ICSH) that acts on the interstitial cells of 
the testis. For this reason LH is often also referred to as ICSH. 

(iii) Prolactin (lactogenic hormone, lactogen, luteotrophin). 

FSH and LH (ICSH) are glycoproteins ; they are the classical gonado- 
trophins, i.e. hormones acting on the gonads. The action of prolactm was 
first thought to be limited to the breast, hence its name. It is now established. 
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however, that it initiates and maintains the secretory activity of the corpus 
luteum, hence its new name, luteotrophin. It should not be confused \nth 
luteiniziing hormone which is in part responsible (together with PSH) for tte 
formation of the corpus luteum. Prolactin is obviously a third gonadotrophin- 
it is a simple protein. ’ 

(3) Other Gonadotrophins.— Two other gonadotrophins have been 
isolated : 

(i) Chorionic gonadotroplmij which is present in the urine of pregnant 
women ; it is formed in the placenta. It luia similar physiological actions in 
women to LH but differs from LH in structural details. It also has a luteo- 
trophic action. 

(ii) Pregnant mare serum gonadotrophin {PMS, sermn gonadotropU% 
equine gonadotrophin). —This substance has not yet been isolated in the pure 
state ; it resembles PSH in its action in women. 

(4) Action oe Gonadotrophins.— The actions of the individual gonado- 
trophins are best demonstrated by injecting them into hypophyseotomized 
immature animals. 

(i) PSH produces growth of the Graafian follicle. Given alone it does not 
induce ovulation, 

(ii) If PSH is now given combined with LH, and the dosage of the two 
hormones is appropriately adjusted, further growth of the follicle takes place, 
ending in the occurrence of ovulation and the formation of the corpus luteum, 

(iii) If prolactin is now given, the secretory activity of the corpus luteum 
is initiated and sustained. On stopping the injections the corpus luteum 
atrophies. 

There must obviously be some mechanisms in the normal animal to regulate 
the timing of the release of the individual gonadotrophins and the dose of 
hormone so released. 

Regulation of Discharge of Gonadotrophins.— The secretion of these 
hormones is regulated by : 

(i) the hypothalamus ; 

(ii) the concentration of ovarian hormones (mainly oestrogen) in the 

blood. 

(1) R6lb of Hypothadmus.— ( i) In the rabbit electric.al stimulation of 
the hypothalamus produces ovulation, Aa explained on p. 931 a chemical 
transmitter is released locally which is carried in the blood to the anterior 
pituitary causing a discharge of gonadotrophins. 

(ii) In the rabbit, ovulation does not normally occur spontaneously and 
rhythmically, but only takes place 12-48 hours after coitus. In the absence 
of the anterior pituitary, however, coitus does not produce this effect. The 
act of coitus in the rabbit probably refiexly stimulates the hypothalamus; 
the further setjuence of events is as in (i) supra. ^ 

(iii) The winter period is usually a non-breeding season in the ferret ; in 
the female the ovaries are quiescent during this time and do not show the 
characteristic cyclic changes. But reproductive activity sots in even in 
winter if the number of hours of light to which the animals are exposed d^y 
is prolonged by artificial illumination. The light stimulus acts on the retina, 
sends excitatory impulses up to the brain, and presumably ultimately 
stimulates the hypothalamus. The effects of light cannot be produced after 
hypophysectomy and therefore involve the secretion of gonadotrophins. 
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(iv) A similar reflex comes into play in the female pigeon ; it does not 
ovulate spontaneously but does so usually in the presence of a male bird. It 
will also ovulate, ^ however, in the presence of another female ; in fact the 
bird will ovulate if left alone in a cage so long as it is provided with a mirror 
in which it can see its own reflection. Here, too, visual stimuli lead (presum- 
ably via the hypothalamus) to the discharge of gonadotrophins. [The effects 
of self-examination in women are more generalized in character.] 

(2) R6le of Blood Hormone Level. — (i) When cestrogens are injected 
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Fig, 668. — ^Effect of Serum Gonadotrophin (=FSH) and Chorionic Gonadotrophin 
(=LH pltis Luteotrophin) on Urinary Excretion of CEstrogens and Pregnanediol in 
Case of Primary Amenorrhoea. 

Clear columns : excretion of cestrogens (in mouse units). 

Black columns : excretion of pregnanediol (derived firom progesterone) in mg. 

A : Inject serum gonadotrophin (FSH). 

B : Inject chorionic gonadotrophin (LK plus luteotrophin). 

After A, bleeding occurs &om an endometrium in the proliferative phase. 

After B, bleeding occurs from an endometrium in the progestational phase. 

(Redrawn from Rydberg et al., J, Attut. med. Assoc., 194=3, 121, 1121.) 


for long periods, they produce marked structural and functional changes in 
the anterior pituitary. The gland becomes considerably enlarged or develops 
an appearance resembling an innocent pituitary tumour ; it may show intense 
congestion and haemorrhages or other destructive changes. The functions of 
the gland are often gravely deranged ; thus the secretion of gonadotrophic 
hormones may be inhibited in both sexes leading to atrophic changes m the 
ovaries or testes. [Secretion of growth hormone may also cease, leading to 
dwarfism. (Estrogens can thus profoundly modify many anterior pituitary 
activities.] 

(ii) At the menopause, when the ovary ceases to secrete oestrogen and 
progesterone, there is increased excretion in the urine of FSH. 

(iii) Injection of oestrogen in suitable doses may inhibit the secretion of 
FSH and increase the seciefcion of luteinizing hormone and of prolactin. 



iO 


VITAMlN-ii 


These scattered observations suggest that there is probably a complex 
iprocal relationship between the ovary and the pituitary. It is supposed 
.t at the onset of menstruation, when the blood h‘V(^l of mstrogen and pro- 
teronc falls to a rumimuin, FBII is secreted causing tlie initial follicular 
>wth. The resulting increased mstrogeu level dee.reasos the rate of secretion 
FSH and stimulates the secretion of Lli and presumably of prolactin 
xsing ovulation, lutciuization, and the secretion of progesterone. There is 
do information about tlie action of progesterone on the pituitary. 
Clinical Use of Gonadotrophins. -The gonadotrophins used are 
chorionic gonadotrophin (derived from human pregnancy urine), which 
ts like Lli plus luteotroplun ; (ii) serum gonadotrophin, derived from 
egnant mare serum which acts mainly like F8I1. In cases of primary 
%enorrhma in which the ovaries are thought to be in the infantile state, 
id more commonly in secondary amenorrlitm, it\je,cted gonadotrophins may 
imulato ovarian activity and secondarily uteritie development and thus 
•oduce normal menstrual cycles. In women with infantile ovaries, serum 
madobrophin (— FSH) given alone stimulates ovulatitm and mstrogen libera- 
m ; tlie uterine mucosa ])asses into the proliferative phase ; there is a great 
crease in oestrogen excretion in tlic urine. When this treatment is followed 
r injection of chorionic gonadotro})hin (^^ ddl-hluteotrophin), luteinization 
‘ the ovary takes place ; sometimes the ovary becomes greatly enlarged 
xd tender owing to the formation of a “ lutein tumour ; progesterone is 
icreted and the uterine mucosa passes into the progestational phase; 
cegnauediol excretion in the urine rises markoxlly. Some 10 days after tb 
.st injection menstruation sets in (Fig, (UhS), Some pri^viously sterile women 
ave been liclped to become jiregnant by smdi treatment. 
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Experimental work in the rat has .shown that in tins animal two of the 
itainins {-IS and -A) are related closely to nurnud functioning of the 
^productive aj)paratus. It is not known whether the same is the case in the 
igher mammals, 

(I) Vitamin-jE is found in highest concentration in tho embryo 
f wheat, in most commercial oils {e,g. olive oil), in seeds and green 
saves ; there is little in milk fat and none in cod-liver oil. It is 
nesent, but not in high concentrations, in animal tissues, chiefly in the 
at and muscles. Chemically it is a tocopherol with the oonstitutiou 
ndioatod below. 


HO. 




f Y r 

\A-^J 


{CH2)3 

OCH3 CH.CHs 
^3 1CH2)3 


CM.CHs 

{CH2)3 

CH.{CH3)2 


^ Symposium on Vitamin- jK*, Ann, NA\ Acad, 8cL, 1040, 63-428. 
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Rj, Rgj groups. Several forms of tocopherol have been 

isolated. In a-tocopberol, Ri=R 2 =®- 3 =CH 3 . 

Effects of Absence of Vitamin~E. — In the male rat atrophy of the semin- 
iferous tubules eventually occurs. In the female rat, oestrus, ovulation, coitus, 
and implantation of the ovum in the uterus occur normally. The embryo 
develops normally until the eighth day ; further growth proceeds slowly 
and before the twentieth day death of the foetus occurs. The maternal part 
of the placenta may go on growing and the mother increases in weight, 
suggesting that the vitamin is essential only for foetal development. The 
embryo shows maldevelopment of blood vessels, blood cells, yolk sac, and 
allantois. If the vitamin is given on the jfifth day of pregnancy the foetus 
can still be saved. If animals are fed on diets rich in -E and then placed on 
diets from which the vitamin is absent, they retain fertility for three or four 
months. Excess of vitamin-E does not increase fertility beyond the normal. 

Vitamin-.^ concentrates have been administered during pregnancy to 
women suffering from habitual abortion ; though claims have been made 
that such treatment was of benefit, many observers are unimpressed with 
the results obtained. 

. Vitamin-E deficiency in the rat is said to lead to the development of 
muscular dystrophy which can be cured by administration of a-tocopherol.^ 
The vitamin has been used with occasional success in the treatment of clinical 
myopathies.^ 

(2) Titamin-A. — ^When the diet is deficient in vitamin-A, sexual maturitj 
is delayed and ovulation is infrequent ; there is extensive keratinination 
of the vagina and continuous shedding of horny cells which obscures the 
normal changes which occur during the oestrous cycle (cf. p. 1074). 

PHYSIOLOGY OF PREGNANCY. PARTURITION. 

Physiological Changes in Pregnancy.® — The principal changes taking 
place as a result of pregnancy are considered in various parts of this book. 
The more important matters dealt with are the following : 

(i) Development of the placenta (p. 1080). It must be emphasized that the 
placenta is also an organ of internal secretion, forming in women chorionic 
gonadotrophin oestrogen, and progesterone (see below and Figs. 669, 670). The role 
of the placenta m foetal respiration is dealt with on pp. 1097 et seq, 

(ii) Increase in the size of pregnant uterus, relaxation of the pelvic 
ligaments (p. 1081), and enlargement of the birth canal. 

(iii) Formation, persistence, and degeneration of the corpora lutea (p. 1067), 
and cessation of ov^ation and menstruation (p. 1081). 

(iv) Development of the breaets (p. 1092) and the onset of lactation (p. 1093). 

Excretion of Hormones in the Urine during Pregnancy.— (1) 

(Esteogbn (Fig. 669).— There is a progrestive increase in the urinary 
oestrogen {secreted by ihe placenta) which rises to its peak just before 
the onset of parturition. It is mainly in the form of cestrone combined with 

1 Einarson and Ringsted, The Effects of Chronic VitaminrE deficiency on, the Nervous 
System and Skeletal Musculature in Eats, Copenhagen 1938. 

* Rabinovitch et aL, J. Neurol Neurosurg. Psychiat,, 1951, U, 95. 

» Newton, Physiol Eev„ 1938, 18, 419 ; Eecent Advances in Physiology, 7th edn., 
London, 1949, p. 86. 
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Lucurouic acid ; after delivery, the totn-1 excretion rapidly declines. During 
regnancy the blood oestrogen concentration a-Lso rises and follows the same 
enetal course as the excretion in the nrine (see p. 1077), 

(2) Preonanediol. — The excretion of ])rogesterone in the urine in the 
mn of prcguanediol glucuronide rises. At the. eighth week of pregnancy it 
i about 10 mg, per 24 hours ; at the en<l of pregnam*y it averages 80 mg. 
Fig. 670). The progesterom^ is derived mainly from the placenta and partly 
lerhaps from tlie corpus luteum. Pregnaiiediol excretion persists after 
>varioctomy. 

(3) Chorionic GoNADOTRormN. — During pregnancy the placenta in 
oomen forms chorionic gonad retro phi n (p. 1084 ). It appears in the urine as 
jarly as eight days after the first missed period, when the pregnancy has lasted 



Fig. 669. — Excretion of Oestrogen in Urine in Pregnant Women. 

Ordinafco : mg. per 24 hourfl. 

(Oata of Marrlaa <tl,, from Kobnon, Advnnm in tmd Heproductiva 

Phynialom (-burchlU.) 

for less than a month. It reaches its peak at bO GO dayvS, falls to a very much 
lower level at 80 days, then remains steady and disappears a few days before 
parturition (Fig, 670). It persists during the puorperium if placental tissue 
is retained in the uterus ; it disappears from the urimj if the foetus dies. The 
presence of chorionic gonadotrophin in the urine is, apart from certain 
exceptional conditions, convincing evidence of pregnancy ; it is the basis of 
the various tests of pregnancy (p. 1089). 

Chorionic gonadotrophin appears in the urine in largo amounts in cases 
of hydatidiform mole and especially of the malignant tumour of the placenta 
known as chorion-epithelioma. Persistence of urinary chorionic gonadotrophin 
after excision of the tumour is evidence of incomplete removal, and its return 
in the urine indicates recurrence of the growth. Cases of teratoma^ of the testis 
in which the tumour contains ohorioiiic tissue also show a high urinary 
excretion of chorionic gonadotrophin. 

Lar^e amounts of this gonadotrophin can be extracted from normal 
chorionic tissue, or that grown in tissue culture or found in placental tumours 
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The physiological action of chorionic gonadotrophin depends on the species 
on which it is tested. 

(i) Injected into women it acts like pituitary LH plus luteotrophin ; the 
placenta probably secretes this hormone and thus helps to maintain the 
activity of the corpus luteum during the first six months of pregnancy. 
In cases of chorion-epithelioma the ovaries often contain multiple large 
luteinized follicles with imprisoned ova. 

(ii) In rodents, on the other hand, injection of chorionic gonadotrophin 
stimulates all the ovarian processes (follicular growth, ovulation, and corpus 
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Yiq. 670.— Urinary Excretion of Chorionic Gonadotrophin and Pregnanediol in 
Pregnant Women. 

Continuous line : gonadotropbin. Intorrupted line ; pregn^ediol. 

(Eobson, Recent Advances in Sex and Be/productive Physiology, Cburcmuo 

luteum formation) in the intact animal ; in the hypophysectomized rodent it 
produces only luteinization. ^ ^ /. -l • • 

Pregnancy Diagnosis Tests. — The l^h concentrations of chonomc 
gonadotrophin which appear in the urine in the^ early^ stages of pregnancy 
form the basis of the most reliable tests for the diagnosis of pregnancy. The 
accuracy of these tests is of the order of 99%. ^ -i - i? 

(1) Aschheim-Zondee: Test. — ^The chorionic gonadotrophin of pregimnt 
women produces a precocious fuU ovarian cycle in immature mice. The 
technique is as follows : small quantities of urine are injected several times 
daily for 3 days into immature mice (3 — i weeks old). The a m roals pe 
killed and examined on the fifth day. The essential criteria for positive 
result {i,e, jjregnancy present) are the presence of blood-filled follicles (corpora 
hsemorrhagica) or corpora lutea. 

35 
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(2) Fbikdman TEST.—Human pregnancy urine produces ovulation 18 
lours after injection into virgin rabbits (in the absence of the normal stimulus 

)f copulation) (cf. p. 1080). r , 

(3) Tests in Toads and Fiioas. -The finst satisfactory test m these 
ipecies was that described for tbc female ol Xenopus Itvois (the South African 
jlawcd toad). Urine is injected into the dorsal lymph sac ; the presence of 
chorionic gonadotrophin is imlicated by the shedding of numerous ova 

within 24 hours. , , , .• x r • i- i. , 

Subsequently male toads (and even frogs) of many varieties have been 
used; since chorionic gonadotrophin also acts on the scniiiiitcrous tubules and 
causms discharge of spermatozoa into the urine within 3 hours of injection. 

(4) Rat Ovaman HvrEUvUMiA Test'. -Chorionic gonadotrophin produces 
conspicuous hyporcomia of the ovary of immature rats within 6 hours of 

^"^^'Tests'fS) and (4) certainly give the speediest answers to the question at issue. 

Urinary Excretion of Hormones.— A short suminary follows of the 
present state of knowledge ol the presence ot hormones in the urine. 

(1) Sex Hormones in Urine. — ( i) Derivatives of (estradiol : oestrone and 

(fistriol (pp. 1077, 1087). , ■ , i , , . 

(ii) Derivatives of testosterone : androstcrone and isodehydroandrosterone 
(cf. p. 1110). Urinary androgens arc also derived from the adrenal cortex 

^°^'(iii)^iDerivativo o£ progesterone : pregnanediol (])p. 1080, 1088). 

The compounds in the urine have a much lower physiological potency 
than the related substance formed by the gonad from wliich they are presumed 
to be derived ; the urinary constituents are e-vcrcted in the conjugated form 
either as gluciironides or as sulphates. ^ 

Adult males and females c.xcrcte both oostrogcii and androgen m the 
urine ; none appears in the urine of children till the age of suv, after which 

the concentration rises till puberty. _ . r , i. 

After castration, both men and women may continue to excrete both 
androgen and cestrogen in the urine, probably derived from the adrenal 
cortex (p. 958). 

(iv) OonailolropMns. — See p. 1088. , . , .it 

For urinary hormones in pregnancy see p. 1087 ; during the menstrual cyiM 

see pp. 1077, 1080. , , • ■ i-u 

(2) Antidiuketio Hormone.— This hormone appears in the urine m the 
following oircumstancca : (i) in states of dehydration froui water deprivation 
(p 66) • (ii) after various experimental conditions which increase the activity 
oitho hypothalamo-hypophyseal system, e.g. emotional states, injection of 
nicotine, acetylcholine, or hypertonic saline (p. 55) ; (lu) m some cases ot 

T*ho^^angaroo-rat (“ desert rat ”) that lives in the torrid arid ams of 
Arizona reduces its urinary water loss to an extraordinary degree by intent 
secretion of ADH. The urea concentration in the urine may rise to 3-b m 
(=over 20%; maximal urea concentration in man “'“oy* 4/o) 
electrolyte concentration to 1-2 N (equivalent to 13% of NaCl). The ARE 
content of the urine may bo 50 milliimits per o.c. (the maximum m laboratory 
rats deprived of water for 72 hours is 6 m.u./o.o.).^ 

1 Amos and Van Dyke, Proe. Soc. txp. Biol. Med., 1060, 73, 417. 
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(3) Adbenal Corticoids (so-called ll-oxysteroids).— See p. 954. 

(4) Neutral IT-ketosteroids. — See p. 952. 

Control of Parturition.^ — The neural division of the pituitary is 
probably one of the many factors concerned in the onset of parturition. The 
following observations are relevant to a general consideration of the question. 

(i) Progesterone in experimental animals delays the onset of parturition. 
If the corpora lutea are made to persist longer than usual by injection of 
suitable anterior pituitary extracts the period of gestation is correspondingly 
prolonged. But as has been emphasized, in women injected progesterone 
sets up uterine contractions (p. 1082). 

(ii) (Estrogen injected experimentally even in huge doses has no influence 
on the course of pregnancy. 

(iii) Role of Nervous System , — ^Parturition can occur after division of the 
spinal cord in the mid-thoracic region or after section of the sympathetic 
nerve supply to the uterus. 

(iv) Oxytocin, — ^Pre^ant animals with experimental diabetes insipidus 
due to hypothalamic lesions have difficulty in d^vering their young (dystocia). 
They may be unable to expel the uterine contents at all, or only partially, or 
may die of greatly prolonged labour. The atrophic neural division in this 
condition is almost completely devoid of oxytocic content. The secretion of 
oxytocin is probably under nervous control ; in these e^erimental an i m als 
no oxytocin is being secreted, and the failure of parturition may be due to 
lack of essential oxytocic hormone. It is not yet Imown whether the amount 
of oxytocin secreted is increased at the time of parturition. In some species 
the sensitivity of the uterine musculature to the stimulating action of oxytocin 
increases towards the end of pregnancy. 

The cause of parturition remains a mystery. 


MAMMARY GLANDS. SECRETION OF MILK^ 

Structure of Mammary Gland. — ^The mammary gland consiste of a 
series of ducts, which branch to give rise to terminal tubules ; these in turn 
lead to the alveoli. Covering the external surface of the epithelium of the 
alveoli and ducts are numerous elongated, branching, longitudinally striated 
Cells which constitute what has been called myoepithelium,^ The presumed 
contractile function of these cells is discussed on p. 1094. 

The breast arises as an invagination from the surface epithelium which 
dips down into the underlying connective tissue as solid columns of cells ; 
these gradually become hollowed out to become ducts. At birth the breast 
is rudimentary,^ and consists essentially of the tiny nipple from which radiate 


1 Reynolds, Physiology of Uterus, London, 2nd edn., 1950. . * « o 

® Loeb in Cowdry, Special Cytology, vol. ii., New York, 1928. Turner on Allen, Sex 
and Internal Secretions, 2nd edn., Baltimore, 1939. American Medic^ Association, 
Qlandtdar Physiology and Therapy, Chicago, 1942. FoUy and Malpress, mThe Sorm^, 
1948, J, 695, 745. Symposium on “ Lactation : Function and Product,’ BrA, med. Bull,, 
1947, 5, 123. 

3 Richardson, Proc, roy, Soc, B,, 1949, 136, 30. u . 

^ Secretion of a fluid which resembles colostrum (cf. 1095) may occur m the newboni ; 
it is attributed to slight growth and activity of the glands of the foetus just preceding 
birth due to maternal hormonal influences. 
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a few ducts. Little further development occurs until the time of puberty 
The changes which occur at puberty in the female vary considerably with the 
species studied ; in many, including the human subject, there is considerable 
growth and branching of the duct system ; in others there may also be 
formation of glandular tissue. With the rcciirrenct^ of each sexual (menstrual 
or oestrous) cycle the gland undergoes further proliferative changes; though 
this is followed by some degree of regression, on the whole, progressive en- 
largement takes place, which is due in part to incriuised deposition of fat. 
Between each menstrual period (in women) there is hypercomia of the breasts 
increase in the interalveolar stroma, and powssibly new formation of alveoli • 
these changes are transient. 

During pregnancy the breasts enlarge greatly and become markedly 
changed in structure. During the first half of pregnancy, there is further 
duct development, but this is now accompanied by the appearance of many 
alveoli which form lobules. No milk is secreted by the gland cells at this 
stage. During the second half of pregnancy tlio epithelial cells swell and 
there is gradual initiation of secretory activity with slow accumulation of 
milk in the alveolar lumina. The further onliirgement of the breast which 
takes place at this stage is not due to an increase in the mass of glandular tissue 
but to distension of the organ with its secretion. Massage of the breast may 
squeeze out some of this milk. 

Control of Breast Development.— This is duo to the complex action 
of a number of hormones ; oestrogen and progeMerone are the primary agents 
responsible for mammary growth, but they appear to work best with the help 
of the anterior pituitary and thyroid glands. Tlio details of the controlling 
mechanism varies a good deal with the species. 

(1) Action ofCEstrogen.—Tha injection of oestrogen into normal or castrated 
animals, male or female, causes thickening of the nipple and marked growth 
and branching of the ducts (Fig. 671, 2). These results probably account 
satisfactorily for the duct changes which normally occur at puberty. In 
most species oestrogen causes little or no glandular development, but in 
some animals, e,g, cows and goats, oestrogen atl ministration can not only 
produce alveolar development but even secretion of milk ; those latter effects 
of oestrogen may be mediated via the anterior pituitary. 

(2) Action of Progesterone.— VTOgmt(iTom given alone, when the breast is 
undeveloped or following its growth under oestrogen treatment, produces no 
changes. But when given together with costrogen (i.e. at same time), marked 
glandular development occurs, which may ultimately be equivalent to that 
attained at the end of the first half of normal pregnancy. No secretory 
changes, however, occur (Fig. 671, 3). 

(3) R6le of Placenta.— ^0 much for the effects of injection experiments. 
In the pregnant animal, however, it must be borne in mind that the placenta 
forms both oestrogen and progesterone ; in fact it is probable that the placenta 
is the only source of oestrogen in the pregnant animal, and that none is formed 
by the ovary itself. Thus, if the ovaries are removed in pregnant mice and 
the placentae happen to be retained, mammary development proceeds quite 
normally, indicating that adequate oestrogen and progesterone secretion still 
take place ; the same result occurs if the foetuses as well as the ovaries are 
removed and the placentae are retained. If, however, the placentae are also 
aborted following ovariectomy, the breasts rapidly regress. It is clear, therefore, 
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that the placenta is an important organ of internal secretion in relation to 
breast development during pregnancy ; its hormones stimulate proliferation 
both of ducts and glandular ceUs. 

(4) An intact nerve supply is not essential for the growth of the mammary 
gland durmg pregnancy. Thus, if the breast is completely transplanted, 
thus severing all its nervous connections, it may grow during pregnancy, and 
function, although somewhat inefficiently, after parturition. 



3 

Fig. 671. — ^Hormonal Control of Breast Development in the Rat, (After Turner, 
in Sex and Internal Secretions, and Newton, Recent Advances in Physiology, 
Churchill.) 

1. Ifipple of castrated male rat. 

2. Duct development produced by oestrogen. 

3. Alveolar (glandular) development produced by combined treatment with oestrogen and 

progesterone. 


Lactation.^ — Though some secretion is present in the breasts during 
the latter part of pregnancy, a free flow of milk is established only some 
days after delivery of the child. It has been suggested that secretion is 
inhibited during pregnancy by some influence coming from the placenta or 
from the distended uterus ; these factors would be removed at parturition. 
Alternatively, as explained below, the secretion of milk requires positive 
stimuli which only appear after parturition. 

Lactation consists of two distinct processes ^ ; (i) mUh secretion, Le. the 
^ Revised by Cyril A. Keele, ® Folley, BriU med* JBvM., 1947, 5, 135, 142. 
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nthesis of milk by the alveolar epithelium, and its passage into the lumen 
the gland ; (ii) discharge of milk from the breast, 

1. Milk Secretion. — The actual secretion of milk by the mammary 
and, unlike that of most externcally secreting glands, is not under direct 
irvous control ; the stimulus to the alveolar epithelium comes mainly 
om the anterior pituitary, through its secretion of prolactin and other 
)rmones which initiate and maintain lactation, and also from the thyroid. 

(1) Peolactin.^— T his pituitaiy gonadotrophin not only promotes pro- 
jsterone secretion (p. 1083), but is also one of the important lactational 
)rmone8. It can only act on a breast that has been caused to grow under 
strogen-progesterone stimulation. It acts directly on the gland alveoli, 
hus if it is injected into a duct of a suitably prepared breast, lactation is 
roduced only in the corresponding alveoli atid not in adjacent ones which 
ad into an independent duct. Prolactin causes the epithelial cells lining the 
veoli to increase in size and number, and many are cast off in the first milk 
icreted. 

There is evidence that prolactin secretion is stimulated by suckling, 
robably via a nervous pathway to the hypothalamus, and thence by means 
: the neuro-humoral mechanism described on p. 931.' 

(2) Other Anterior Pituitary Hormones.— It is probable that 
irolaotin is optimally effective only when acting in conjunction with 
IrenocorticotropMc hormone, which in turn stimulates the adrenal cortex to 
jcretc its corticoids ; tins fact may account for the failure of prolactin alone 
> increase a poor milk flow in women. Growth hormone may be concerned in 
le formation of the constituents of the milk. 

(3) Thyroid. — Normal thyroid function is also necessary for the main- 
mance of lactation, and in some species (including man) administration of 
lyroid substance (or thyroxine) helps to restore a declining milk flow. 
)dinated casein, which contains thyroxine, has been found particularly 
feotive in raising the milk yield of cattle. 

2. Discharge of Milk. — The discharge of milk from the mammary 
and depends not only on the suction exerted by the infant, but also on a 
mtractile mechanism in the breast which expresses milk from the alveoli into 
le ducts. 

It is well known that in the cow the amount of milk present in the cisterns 
ad larger ducts at the commencement of milking, is only a small fraction of 
le total quantity which can ultimately be collected. It appears that stimula- 
on of the teat produces, after a brief interval, a sudden rise in milk pressure 
L the udder, let-down ”) and only after this phase has occurred can the 
til milk yield be obtained. A similar rise of pressure in the ducts, called the 
draught,’’ occurs in women in response to the stimulus of suckling. Both 
let-down ” and “ draught ” can also be produced by injection of oxytocin. 

The physiological sequence of events is probably as follows : stimulation 
; the teat or nipple causes nerve impulses to pass (via some unknown 
xthway) to the supraoptic nucleus and thence along the hypothalamo- 
ypophyscal tract to the neurohypophysis causing the release of oxytocin 
,to the blood stream. The oxytocin is then carried to the mammary gland 
hero it produces contraction of the myoepithelium surrounding the alveoli, 
ms expelling their contained milk into the ducts, which are meanwhile kept 
1 White, Vitamins and Hormones , 1940, T , 253. 
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open by tbe contraction of tieir longitudinally arranged myoepitbelial layer. 
This sudden outflow of oxytocin into tbe blood stream probably also causes 
tbe uterine contractions which are known to follow suckling during the 
puerperium in women. Thus suckling acts by neuro-humoral mechanisms to 
cause both milk secretion and milk discharge, and it is easy to understand 
how nervous and psychological factors, acting via the hypothalamus, can 
influence lactation. 

If milk is allowed to accumulate in the breasts, and is not removed, the 
gland involutes {Le, regresses). The absence of suckling deprives the anterior 
pituitary of the stimulus which normally causes it to secrete prolactin and 
ACTH. 

Lactation is associated with a delay in the return of the menstrual periods 
and temporary sterility, presumably owing to non-secretion of the other 
gonadotrophins (FSH and LH) ; but women often become pregnant again 
while nursing. 

Composition and Properties of Human Milk. — The fluid secreted 
during the first three days after parturition is called colostrum. It is deep 
yellow in colour and rich in protein and salts ; it is coagulated into solid 
masses by heat, or even spontaneously. It contains large granular bodies, 
called colostrum corpuscles, which represent either discharged alveolar cells of 
the gland, or else leucocytes loaded with fat. These corpuscles are abundant 
in the first few days, and disappear at the end of the second week. 

The milk formed during the first few weeks is called the intermediate or 
transition milk . Mature milk appears at the end of the first month. 

The accompanying table indicates the composition of colostrum^ 
mature human milk, and cow’s milk : 



Protein. 

g-% 

Lactose, 

g-% 

Pat. 

g-% 

Ash. 

g-% 

Calcium . 
g-% 

Colostrum (human) 

8*6 

3-5 

2*6 

0*37 


Mature human milk 

1-0-2-0 

6*5-8 

30-5*0 

0*18-0*25 

0*03 

Cow’s milk (average) 

3*5 

4*75 

3*5 

0*75 

0*14 


The differences between human and cow’s milk are very striking ; human 
milk contains considerably less protein, less salts, and more sugar. 

(1) The protein content of milk is highest in colostrum (8-5%), and falls 
during the first few weeks (2-25%) to reach a fairly steady level of about 
1-25% ; it diminishes rapidly towards the end of lactation. Two proteins are 

found : ... 

(i) Gaseinogen is precipitated by weak acids ; it is conve^d by rennin 
into calcium caseinate which is insoluble in water, but is easily digested by 
gastric juice. 

(ii) Lactalbumin: resembles serum albumin. 

In human m^lk there are about two parts of lactalbumin to one part of 
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aBeinogen. In cow’s milk the proportions are very diflerent ; the caseiuogen 
1 six times in excess of the lactalbumin* Allowing for the clitlerence in the 
5tal protein content of the two kinds of milk* it follows that cow’s milk 
ontains about six times as much caseinogen as human milk. The caaeinogen 
f cow’s milk in the stomach forms large solid masses which arc relatively 
nsoiuble. Its exact chemical composition, too, is dilTerent from that of 
.uman caseinogen. When human milk is treated with retmin or dilute 
-cetio acid, hue flocculation occurs, 

(2) ¥at of milk is in the form of minute globules which, are eMukifiei 
)y the dissolved albumin : the fats chiefly present are triolein, tristearin, 
aid tripalmitiii. Free fatty acids are only fouml in minute amounts ; cow’s 
nilk has about eiglit times as high a fatty acid content. 

(3) Tlie carbohydrate of rnilk is the disa(*c}iaride lactose. 

(4) Die ash contains Ca, /f, iV«-, 01 and 1\ but only traces of iron : this 
^ery lo7d) iron content is noteworthy. Human milk contains only 0*03% of 
)ii (against 0-14% in cow’s milk). 

(6) The viUmvn content of milk depends on the maternal diet. For 
uiman milk the average values are : --4,3()0i.u.; thiamine, 10 i.u. ; -0,6 mg.; 
D, 10 i.u. per 100 c.c, ; the average values for cow’s milk arc approximately 
ihc same, but the -0 content is lower (2 mg'-%). 

Origm of Gonslituents of The specific constituents of milk are 

slaborated in the gland cells from certain raw materials supplied by the 
)lood. (i) Lactose is derived from the glucose of the plasma, (ii) Proteins of 
nilk come from the plasma a^nino-acids and proteins, (iii) Fat is formed 
tartly from neutral fat of the blood and partly from acetate. 

Conditions Affkcting CoMrosmoN of Miuk.— M ilk is richer in younger 
voinen. It is unaffected by the return of menstruation, but is adversely 
nfluenoed by illness or by emotional disturbances. 

(1) Effnot of Dikt. — T he quantity and composition of milk bear a com- 
plicated relation to the diet. Fundamentally a good milk can only befomei 
^rom a good diet. A superabundant diet does not increase the total yield or 
richness of the milk unles.s the protein content is increased. If the diet is 
inadequate, it is found that early in lactation the body tissues are used to 
form milk, which is not reduced much in amount, and weight is lost ; late 
in lactation, however, the yield of milk is reduced. The vitamin content of 
the milk depends on the amount of these substances in the diet. Alcoholic 
liquors, like stout, may servo to fatten the mother, but it is very doubtful 
whether they improve the quality of the milk in any way, 

(2) Excretion of Drugs in Milk.— Many drugs ingested by the mother 
may be excreted in the milk, and it is useful to distinguish two main groups : 

(1) Those which may have actions on the sucMing m/ant*— (i) Bromides 
may cause drowsiness and papulo-pustular skin eruptions. 

(ii) Morphine : addiction to morphine has been reported in children of 
mothers addicted to the drug. 

(iii) Certain purgatives, e.g. aloes, phenolphthalein and calomel. 

(2) Those which have no actions on the infant — ^In a number of cases 
drugs may pass from the mother into the milk in measurable concentrations, 
but no pharmacological actions can be observed. 

(i) Sulphonamiaes : the concentration in milk may equal that in blood 
(e.g. 10 mg./lOO c.c.). 
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(ii) Penicillin: tlie inilk concentration is not more than 1/10 the hlood 
level. 

(iii) Nicotine : heavy smoking by the mother may produce a milk nicotine 
concentration of 0*5 mg/L, but this does not harm the baby. 

(iv) Barbiturates, e.g. barbitone and phenobarbitone. 

(v) Ethyl alcohol appears in •milk only in ■traces, and* does not cause 
intoxication of the infant. 

(vi) Iodides, salicylates, quinine, and atropine are only found in traces in 
milk. 


FCETAL EESPIRATION^ 

Foetal Respiration.2 — The foetal circulation is briefly described on p. 331. 
The placenta is both a maternal and a foetal organ. It contains large (maternal) 
blood sinuses receiving arterial blood from the uterine artery and returning 
it to the veins. Numerous foetal chorionic ■villi dip into these sinuses across 
which gaseous interchanges take place. The probable relation^p between 
the foetal and maternal circulations in the human placenta is illustrated in 
Fig. 672. 

The follo'wing analogy may usefully be dra'wn between the foetal and post- 
natal methods of respiratory exchange. K the placenta is regarded as the 


MATERNAL SINUS 



C 

Fig, 672.— Relationship between Foetal and Maternal Circnlation in the Human Placenta. 
(Newton, Recent Advances in Physiology, Churchill.) 


equivalent of the lungs, then the maternal sinuses represent the am sacs ; the 
uterine arteries and veins, the respiratory passages ; the umbilical artery 
and vein correspond to the pulmonary artery and vein respectively, and the 
chorionic villi to the pulmonary capillaries. The blood flow through the 
maternal part of the placenta represents the pulmonary ventilation, while 
the capacity of the maternal sinuses can be regarded as the equivalent of 

the resting content of the lungs. rnr\ j 

The oxygen and nutri^tdonal needs of the foetus and the amount of LU 2 and 


1 Baxcroffe, Researches on Prenatal Life, Oxford, 1946. 
a The reader must first review the normal methods of oxygen and OU* 


transport. 


pp. 409, 414. 

35* 
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UTERINE BLOOD FLOW 


vaste products that have to be eliminated increase as pregnancy advances • 
n the human subject they become large during the last 3 months and especially 
n the last month when foetal growth takes place most rapidly. It may 
)e stated that if the exchanges in the placenta are adequate to meet the 
'oetal needs for oxygen then all the other requiretnents can be satisfactorily 
iealt with too. In the following discussion special attention will be paid 
>0 the problem of oxygen supply. It may bo useful to recall how increased 
)xygen supplies are provided for the muscles during vigorous exercise as 
malogous changes occur during pregnancy. In exercise (pp. 433 et the 
pulmonary ventilation is increased (so increasing the available O^), the blood 
low through the lungs rises (increasing the oxygen uptake by the blood) and 
a greatly increased blood flow is diverted to the muscles, which extract a larger 
fraction of the available Og than at rest (increased arterial- venous oxygen 
difference). The equivalent series of adaptations which take place in 
pregnancy are discussed below. 

1. Uterine Blood Flow. — The blood flow through the maternal part of 
bhe uterus is greatly increased, perhaps finally (in the rabbit) by twentyfold; 
[this change corresponds functionally to an increase in the pulmonary ventila- 
tion,) In this way the oxygen supply made available for the growing foetus 
is correspondingly increased. Initially, the augmented oxygen supply 
exceeds the needs of the still tiny foetus, so that the blood in the uterine vem 
may leave almost fully saturated with oxygen, convincing testimony that 
the foetus has abstracted very little. But as pregnane)' proceeds, foetal 
growth accelerates far more rapidly than docs uterine blood flow ; it is then 
found that a progressively greater proportion of the oxygen brought to the 
uterus is taken up by the foetus and the blood wluch leaves in the uterine 
veins becomes less and less saturated with oxygen (Fig. 673). Just before 
parturition there is a sudden fall in the uterine blood flow which may represent 
a preparatory protective closing-down of the placental circulation. 

2. Foetal Changes. — The cardiac output of the foetus increases through- 
out pregnancy in direct proportion to the increase in its body weight ; the 



Fio. 673. — ^Uterine Blood Flow and Foetal Needs in the Kabbit. 

(After Barcroft.) 

U -blood flow through pregnant uterus ; F-weight of foetus ; Hba« percentage 
saturation with oxygen of blood in uterine veins. Just prior to parturition 
(at 32 days) the uterine blood flow declines ; after parturition the oxygen 
saturation of the blood in the uterine veins returns to normal. 
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blood flow (via the umbilical artery and vein) through the foetal part of the 
placenta (the chorionic villi) presumably increases to a similar degree. [This 
corresponds to an increase in the blood flow through the lungs, which enables 
more oxygen to be taken up.] The maximum oxygen-carrying power (^^e. 
hsemoglobin concentration) of each unit of foetal blood, however, remains 
unaffected. But, as already explained, the proportionate increase in the size 
of the foetus (in the human being from the microscopic ovum to the 7-lb. 
baby) is much greater than that of the . placenta. Though the blood supply 
to the placenta may increase twentyfold, the oxygen needs of the foetus 
rise in an almost astronomical manner. 

To meet the requirements of the foetus 
certain fundamental modifications 
occur in the oxygen-binding properties 
of its blood. 

3. Oxygen Dissociation Curve 
of Foetal Haemoglobin. — the 
hsemoglobin in the blood of the early 
foetus is of the so-called foetal type ; 
it can be distinguished from adult 
hsemoglobin spectrographicaUy, by^ its 
characteristic electrophoretic mobility, 
and in other ways. The adult type 
begins to appear in the blood at mid- 
pregnancy when the bone marrow 
begins to function as a haemopoietic 
organ. It forms 6% of the total 
circulating hsemoglobin at the 20th 
week of pregnancy, 20% at birth, 

50% at 2 months post-natal, and 90% 
at 4 months.^ The last two values 
suggest that the foetal type of hsemo- 
globin is not formed after birth and 
that the corpuscles containing it are 
destroyed during the first 4 months or 
so of post-natal hfe, as would be 
expected from the known survival 
time of circulating red cells (p. 186). 

The outstanding functional characteristic of foetal hsemoglobin is that its 
oxygen dissociation curve shows a marked shift to the left compared with the 
curve for adult maternal hsemoglobin (Fig. 674) ; (this difference is not the 
result of differences in pB. value or CO^ pressure). As a result, foetal blood 
can take up much larger volumes of oxygen than adult^ blood at low O 2 
pressures. Thus at 20 mm. Og pressure foetal hsemoglobin is 70% saturated ; 
at 40 mm. it is 90% saturated. The corresponding degrees of saturation for 
adult hsemoglobin are about 20% and 70%. 

4. Gaseous Interchanges in Placenta (Fig. 675).— Direct determinations 
(in the cow) showed that in the mother the arterial blood was 90% satura^d 
with oxygen, and at an 0 2 pressure of 70 mm. Hg ; the blood in the uterine 
vein was 70% saturated, and at an O 2 pressure of 41*5 mm. In the foetus 

1 Beaven et at,, Biochem, J., 1961, 49, 374. 



Oz pressure in mmH^. 

Fig. 674. — Changes in Oxyhemoglobin 
Dissociation Oiures in Pregnancy. 
(Roos and Romijn, J. Physiol., 1938, 
92, 261.) 

The shaded area coTers the range of dissociation 
ctnves of the normal adult cow. The con- 
tinuous line on the left (A) Is the curve of the 
foetal blood. The interrupted line on the 
right (B) is the curve for the maternal blood. 
Cow pregnant 8 months. COt pressure 
43-45 mm. Hg, temp. 38*6^ C. 
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the oxygen pressure of the blood in tbe umbilical artery was 5-5 mm. ; that 
in the vein was 11-5 mm. As the blood flows through the maternal smuses 
the 0, pressure falls from the arterial to the venous pressure level (t.e. from 70 
to 41-5 mm ) ; as the chorionic villi dip m at many |)omts along the maternal 
sinus m<r 672) they are exiiosed to an average pressure somewhere between 
the artenal and the venous. NotJmg hke prmure equMnum ^ attaimi 
betweeSe mlrnal and foetal blood in the ^leenta ; thus the 0, pressure 
in fffital blood leaving the placenta in the umbilic.il vein (11 a mm.) is 30 mm. 
iowOT than the loweft pressure attained in the maternal sinuses, ^e main 
ielson for the unsatisfLtory rate of diffusion is presumably structural : m 
theTnS tte oxygen in the air sacs is separated from the pulmonary capilla 


jtory rate oi aiiiusiou ouiuuuuiai. m 

he air sacs is separated from the pulmonary capillary 
blooronl7by two thin endothelia (of alveoli and capillaries). The fostel 
canfllaSon the other hand, are covered by much thicker and jesumabh 
S less permeable cell layers. These data make it certain that the 0, 



transfer to the fcetus oau be fully accounted for by simple diffusion prooessea. 
S total bS^ the same oxygen-binding properties as are found 
after birth very grave anoxic symptoms would develop. An Og pressure of 
n mm (Fiff 674) would then correspond to an oxygen saturation of less 
JiiTS/ • ui Sal fact the foetal arterial blood is 50% saturated, owmg 

jrry«tr‘.nd of 

low Oo nressures in the maternal sinuses. ^ .ifArinA Artprv 

The^COa pressure values in the same experiments were . 

XI mm uterine vein 46-5 mm. ; umbihoal artery 50 mm., umbiUcai vm 

48 mm.' These differences of CO g pressure COj 

coupled with the much higher rate of diffusion of CO* (p. 366), enable w, 

transfer to be satisfactorily effected. 



SEMINIFEROUS TUBULES. SPERMATOGENESIS 1101 

THE TESTIS 1 

The testis consists of (i) seminiferous tubules which form the sperms and 
(ii) interstitial cells which secrete the androgen testosterone (Fig. 676). 

Seminiferous Tubules, Spermatogenesis. — The tubules are lined by 
a thin basement membrane, internal to which are the spermatogonia, which 
divide to form spermatocytes. These in turn give rise to more medially 
situated smaller cells with deeply staining nuclei, the spermatids, and finally 
to spermatozoa (sperms). The spermatocytes undergo a reduction division 
by which their chromosome number is reduced by half, i.e. to 24 compared 
with 48 in somatic cells. The 24th pair (or sex pair) of chromosomes in 
the male consists of two distinct entities called X and Y. The reduction 
division produces two kinds of sperm ; half contain 23 chromosomes + 21, 
and the other half 23 similar chromosomes + Y. In the ovum, the 24th (or 
sex) pair of chromosomes consists of two identical entities called X and X ; 



Fig. 676. — Structure of Normal Testis. 

Seminiferous tubules showing spermatogenesis. Some interstitial cells (it) 
are seen between the tubules. (After Cowdry, Teat Boob of Histology, 1950). 


after the reduction division aU ova contain 23 chromosomes + X. The ovum 
may be fertilized by either kind of sperm. Ignoring the 23 chromosomes 
which are unrelated to sex, the result of fertilization may be : 

Sperm X + Ovum X= Offspring XX= Female. 

Sperm Y + Ovum X= Offspring XY=Male. 

The sex of the offspring is thus determined exclusively by the sperm 
and is quite independent of the ovum (popular belief to the contrary 
notwithstanding). 

In many species spermatogenesis occurs only during a restricted breeding 
season. In man, too, no spermatogenesis occurs before puberty; but 
subsequently the process takes place continuously until it stops in elderly 
people. The sperms in the seminiferous tubules, in spite of their fully formed 

^ Allen, Sex and Internal Secretions, 2nd edn., Baltimore, 1939. Robson, Recent 
A-dvances in Sex Physiology, 3rd edn., London, 1947. Pincns and Thimann, P7ie Hormones, 
N.Y., 1948, 1 ; 1950, 2. Hooker, Recent Progress Hormone Research, 1948, 2, 173. 
Nelson and Heller, ibid., 197, 228. Hamilton, ibid., 257. Nelson, ihid, 1951, 6, 29, 
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incidence of pregnancy after carrying out artificial insemination -witli tie 
sperms. 

The fertilizing power of sperms from the distal end of the epididymis is 
twice as high as that of sperms from the proximal end. It seems therefore 
that the secretion of the_ epididymis normally exerts a “ spermatotrophic ” 
action. If the epididymis is tied off at both ends, the sperms retain their 
motility for 60 days and their fertilizing power for 30 days. If the testes 
are removed immediately after tying off the epididymis, both these periods 
are reduced by half. These effects of castration are due to absence of 
testicular hormone ; they are overcome by injections of androgen, which 
restore the secretory activity of the epididymis to its normal state. If 
seminal ejaculation does not occur, the sperms in the epididymis ultimately 
degenerate and undergo liquefaction ; they are not passed into the vesiculse 
seminales or voided in the urine. 

(2) Ductus Defeeens. — This is lined by a powerful muscle coat and a 
columnar non-ciliated epithelium. 

(3) Vesicul^ Seminales. — Each vesicle is a muscular convoluted tube 
lined by an epithelium which secretes an alkaline yellow viscid fiuid which 
forms much of the volume of the ejaculated semen. 

(4) Pkostatb. — The glands of the prostate consist of many foUicle-like 
spaces leading into ducts. The epithelium of the follicles secretes the prostatic 
fiuid, which is thin and opalescent and gives the semen its characteristic odour. 
Between the folhcles there is a good deal of muscular tissue. 

Prostatic Fluid. — This fluid in man is slightly add in reaction (^H=64). 
It is rich in calcium and dtrate (30 and 150 m.Eq./L respectively) and in 
add phosphatase. Fluid expressed from the resting gland by digital com- 
pression contains 100-1200 units of acid phosphatase per 100 c.c. ; fluid 
secreted during a period of sexual excitement contains 1900-4000 units 
(cf. p. 1114). 

(5) Bulbo-urethral Glands. — ^These form a mucoid secretion which 
is discharged into the anterior (penile) urethra. 

Seminal Fluid. — (i) The semen consists of the products of the seminifer- 
ous tubules, the seminal tract (especially the epididymis) and the related 
glands, i.e. the seminal vesicles, the prostate and the bulbo-urethral glands. 
The fluid part is contributed chiefly by the prostate and seminal vesicles. 

(ii) Human semen is liquid when ejaculated, but soon coagulates in vitro ; 
after 15 minutes it undergoes secondary liquefaction. Semen contains 
fibrinogen and thromboplastin, but no prothrombin or thrombm. Though 
it is rich in calcium, the excess citrate (from the prostate) must largely remove 
the calcium from the ionic state. The mechanism of coagulation of semen is 
obscure, but it presumably involves the conversion of its fibrinogen into 
fibrin. The secondary liquefaction of the fibrin is due to a specific enz 3 nne, 
fibrinolysin, present in prostatic fluid. At 37° C., 2 c.c. of prostatic fluid can 
liquefy 100-1000 c.c. of clotted human plasma in 18 hours. 

(iii) The volume of semen is 2-4 c.c. per ejaculation, which contains 
on an average 200 million sperms. 

Male fertility is reduced clinically when (a) the total sperm count falls 
below 60 million, (6) more than 20% of the sperms have abnormal heads, or 
(c) the motility of the sperms in a fresh specimen of semen is impaired.^ 

(iv) Sperms form hyalu/ronidase, an enzyme which liquifies the hyaluronic 

1 Farris, Brit . med . J ., 1951, ii, 1476. 



1104 


CHANGES AT l^UBKRrY 


acid found in mucus and in the xona pelluoida of the ovum. In this way the 
sperms can penetrate the normal plug of mucus in the cervix uteri and get 
through the zona pellucida which forms a tough lining surrounding the ovum. 

(v) The reaction of semen is alkaline, the acid prostatic fluid being 
neutralized by the other components ; sperms arc rapidly immobilized in an 
acid medium. 

Interstitial Cells. — These cells develop from the mesoderm of the 
embryo; they arc abundant in the fourth month of foetal life, fewer in 
the new-born, and continue to diminish to the end of childhood. There is 
an increase in tlmr number at 'puberty ; they remain constant in number 
during sexual life in man and diminish in old ago. The interstitial cells are 
internally secreting cells and are usually arranged round the blood vessels ; 
material with characteristic staining reactions can be traced from the cells 
into the capillaries. The androgen secreted by these cells is testosterone 

(p. 1110). 

It is an interesting and unexplained fact that testis extracts also contain 
mtrogen (p, 1077). Certain testis tumours (teratomata) form chorionk 
gonadotrophin (p, 1088). 

Secretion of testosterone presumably commences at about the age of 
puberty ; androgen, however, appears in the urine earlier. In man, the 
primates, and the rat, testosterone is continuously secreted ; most mammals, 
however, are seasonal breeders, and in them the secretion of the hormone is 
correspondingly intermittent. Secretion of the hormone is depressed by under- 
nutrition, and especially by vitamin-JB deficiency. 

Bodily Changes at Puberty. — ^At puberty the testes increase rapidly in 
size (Fig. 600, D) and (as stated) spermatogenesis sots in. The interstitial cells 
begin to secrete testosterone, and as a result the accessory organs of reproduc- 
tion (epididymis, vesiculso seminales, prostate, penis) begin to grow and the 
secondary male sex characters make their appearance. The scrotal skin 
thickens ; there is growth of hair on the face, trunk, and axillm ; the pubic 
hair develops considerably and its upper border is convex upwards. Growth 
of the larynx occurs and the voice breaks. Considerable muscular develop- 
ment occurs. Occasional erections and discharge of seminal fluid take place,^ 
Striking psychological changes also begin to make their appearance. 

Physiology of Coitus. — The introduction of sperms into the vagina 
involves erection of the penis and ejaculation (emission) of the seminal fluid. 
Both processes are fundamentally reflex in character and occur quite efficiently 
in a spinal man following stimulation of the glans penis or related skin areas 
(p. 693). In the intact man any or many of the sense organs may constitute 
a source of appropriate afferent impulses ; the response is long-circuited 
through the brain and involves the activity of the highest cortical levels which 
can modify the reaction either by way of reinforcement or inhibition. There 
is no need to stress the enormous importance of psychological influences 
and especially of emotional states on tne act of intercourse. The results of 
castration show that the reflex arcs are influenced at some point by the 
internal secretion of the testes. The changes occurring in coitus arc considered 
below. 

(i) On the efferent side, erection is brought about by the neroi erigentes 
which relax the muscle coat of the arterioles of the penis and of the spongy 
Such emissions are not harmful physically and nood arouse no feelings of guilt. 
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tissae of the corpora cavernosa and spongiosa ; at the same time the dorsal vein 
of the penis is compressed. The penis, which in the resting state is small, 
flabby and covered with wrinkled skin, becomes thickened, elongated and 
rigid and thus well adapted for introduction into the vagina ; the angle 
which the erect penis makes with the trunk follows closely that of the vagina 
and its length is such that in people of average build the semen is deposited 
high up in the posterior part of the vagina. 

(ii) Friction between the glans penis and the vaginal mucosa, reinforced 
by other afferent streams and psychological factors, causes a reflex discharge 
along the sympathetic to the seminal pathway ; the muscle coats of the 
epididymis, ductus deferens, the seminal vesicles and the prostate contract, 
and the sperms accompanied by the secretions of the accessory glands 
(p. 1103) are discharged into the posterior urethra between the internal and 
external sphincters of the bladder. The semen is thence ejected by the 
rhythmic contractions of the bulbo- and ischio-cavernosus muscles (supplied 
by somatic nerves). More prostatic fluid is also secreted^ probably owing to 
parasympathetic stimulation of the glands. During coitus the entire urethra 
thus takes on a sexual function. It is important to note that the sympathetic 
nerves which are motor to the seminal tract also close the internal vesical 
sphincter and thus prevent a reflux of semen into the bladder ,* the contraction 
of the sphincter vesicse and the associated inhibition of the detrusor vesicse 
prevent a simultaneous discharge of urine. 

(iii) The account given above of the innervation of the accessory repro- 
ductive organs is supported by sound clinical evidence. Stimulation of the 
hypogastric (sympathetic) nerves at operation produces ejaculation of semen 
in man. Bilateral lumbar sympathectomy below Lg or section of the presacral 
nerve abolishes ejaculation, although penile erection and sensation remain 
normal. A lesion of all the sacral nerves below which severs the sacral 
parasympathetic outflow abolishes erection and produces relative anaesthesia 
of the penis. 

(iv) The ** orgasm ” just described in the male should coincide in satis- 
factory intercourse with appropriate psychological and reflex reactions in 
the female, consisting in the latter of engorgement of the vulva, relaxation 
of the adductor muscles of the thigh and of the vaginal orifice, secretion of 
mucus by the vulval and vaginal glands and erection of the clitoris. The 
vagina becomes distensible, its lining is lubricated and it becomes ^sily 
traversable by the penis. Afferent impulses from the stimulated clitoris 
may heighten the state of psychical excitement in the female and help to 
promote a complete orgasm. It is claimed that the uterus may execute 
rhythmic movements which help to aspirate the seminal fluid into its lumen, 
but the evidence is not conclusive.^ 

(v) The physiological changes which take place in intercourse are by no 
means restricted to the reproductive organs and adjacent parts. The usual 
accompaniments of certain kinds of emotional tension are present, e.g, 

1 The techmque, courtesies, and aesthetics of sexual intercoupe are matters of out- 
standing importance, yet they are never taught by the physiologist and rarely diseased 
adequately at any stage in the medical curriculum. Sexual relations bet^en civilized 
men and women are more than a matter of anatomy and physiology^ reader is 
advised to consult such popular works as Marie Stopes’ Married Love and Wise Faret^wod ; 
Griffith, Modem Marriage ; Fielding, ParerUlwod ; Van der Velde, Fertility and Sterility 
in Marriage. 
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acceleration of the heart (to 150 beats per minute), rise of blood pressure 
rapid breathing, flushing of the face, and sweating. Adrenaline is doubtless 
poured out and it is likely that the anterior pituitary (p. 931) and the thyroid 
glands arc stimulated too. 

(vi) It is not known liow the s})enns find their way to the ovum, which 
is probably lying in the Fallopian tube. Normal sperms arc of course motile 
and can move at the rate of 1-3 nini. ])cr minute ; l>ut the vagina and uterine 
cavity must represent a vast uncharted sea in wliich the current of fluid set 
up by the movements of the cilia is in an antagonistic direction, i.e. towards 



Fxo. 678. — Fficcts of Castration and Androgon 'rreatiiunit on 8ot‘omlary Sexual Apparatus 
in Immature Bat. (Ciba's llmidhook of Internal Secrelmift,) 

Jbeft , — Accossoty organs of castraUd animal Blmwlng marked atropliy* 

Mffhi , — Organs of castrated animal eleven days after treatment with atuirogen, showing complete 
recovery. 

the exterior. There is no evidence that the ovum exerts a positive chemical 
attractive influence. But the 2-4 c,c. of semen discharged at one emission 
may contain up to 700 million sperms (mean normah-2(j0 million) ; as only 
one need arrive for fertilization to be completed, blind chance may be the 
only factor involved. 

(vii) The survival time of sperms introduced into the vagina, though 
a matter of great importance, has not yet been determined with certainty ; 
it may be a day or two.^ It is said that sperms become non-motile in the 
vagina in less than 60 minutes after coitus, but remain motile in the cervix 
and body of the uterus for 25 to 40 hours ; non-motile sperms of course cannot 
^ The House of Lords has rejected the suggestion put forward in a divorce suit that 
there might be an interval of some 80 days between the last act of coitus and fertilization. 
This decision was certainly not a rash one. 
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move ‘‘ upstream against the current. If an orgasm occurs in the female, 
the sperms are said to enter the uterine cavity within three minutes, hut in 
the absence of orgasm only after one hour. 

Extirpation of Testes. — (1) Bepoee Pubeety. — If the testes are 
removed there is permanent sterility ; owing to absence of testosterone the 
usual pubertal changes do not occur and the accessory organs of reproduction 
do not ^ develop ; the vesiculse seminales and prostate remain small and 
atrophic (Pig. 678). There is no growth of hair on the face, trunk, or axillsB ; 
the pubic hair is of the female type, the outline being concave upwards ; the 
growth of the larynx is arrested. There may be abnormal deposition of fat ; 
accumulations may be found on the buttocks, hips, pubis, and breasts. The 



Pig. 679. — ^Effects on Testis of tying Vas [Dnctus] Deferens. 

Seminiferous tubules atrophied, interstitial cells persist as masses of cells. (Ancel and Bouin firom 
Sharpey-Schafer, TM Endocrine Organs.) 

muscles are soft and poorly developed. There is some delay in the union of 
the epiphyses, but no regular tendency to gigantism : some eunuchs are short, 
others are tall, and on the whole they show the same range of variations as 
do normal people. The skin is pale and tans poorly when exposed to the sun. 

(2) Aptee Pubeety. — Castration after puberty produces changes which 
vary very much in degree in different subjects. It should be remembered 
that some of the secondary sexual characters and accessory organs depend 
on testosterone not only for their development but also for their maintenance ; 
these characters or organs are depressed after castration. Thus the seminal 
vesicles and prostate always atrophy. Other characters or organs having 
once developed under the inffuence of testosterone can persist in its absence ; 
these are unaffected by castration. There is, for example, no alteration in 
the voice, the penis remains of normal size (it was usually amputated in the 
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case of Eastern eunuclis) and the beard may be unallectcd. In some cases 
the general bodily changes resemble those described for pre])iibertal castration, 
in others they are not very marked. Si^.xual desire and erection may be absent* 
but there arc many instances in whicli sexual activity was little impaired^ 
successful coitus (with ejaculation of flui<l from tiie prostate or seminal 
vesicles) being frequently carried out for as long as twenty-live years after 
castration ; in these cases the pattern of rtdlex behaviour which was initially 
induced by testosterone subseqxicntly persisted in s|)ite of its absence. Rats 
or guinea-pigs may copulate for months after castration and human eunuchs 
are often quite promiscuous— ten out of twenty-live studied were found to 
be suffering from gonorrlnna. 

There is no evidence that castration damages any essential functions 
except those related to reproduction ; it does not shorten life or produce 



Fig. 680. — Tostis in Rxpcrimontal 
Cryptorchidifiin. (Allen, Sex and 
hiiernal Secretions^ U)H0.) 

Soctlor^ of tcHt CR (of adult gninca-plg) which had 
been coullncd In tho alHlonien for throe 
mouths. Koto that the Rctulnlfcroua 
tuhuloH are very degenerated. The Inter- 
stitial tlsBuo (it) peralsis. 


premature senility. Many castrates have sliown the highest intellectual 
attainments. In some, it is true that a peculiar mental state may result ; 
this is more likely to be (iue to the psychological trauma produced by the 
castration than to loss of any internal secretion formed by the testis. If 
modern psychology is to be believed, the mere subconscious fear of castration 
may produce serious mental symptoms, although tlie teshes are functioning 
perfectly normally ; it is liardly surprising that the mental results of a real 
castration are worse. Lucius Apuleius, even after his transformation into an 
ass, feared castration more than death. 

Results oe Tying Vas I)KFEBENS.-“ If the vas fductus] deferens is 
ligated, the subject becomes sterile, but no changes occur in cither the somatic 
or the psychical sexual characteristics. The interstitial cells always persist as 
definite masses of epithelial cells (Fig. 679) and presumably continue to 
release their hormone. The changes in the seminiferous tubules are variable : 
sometimes they undergo complete degeneration (Fig. 679) ; more commonly 




CRYPTORCHIDISM 1109 

however some spermatogenesis continues^ the newly formed sperms undergoing 
hquefaction and being replaced by freshly formed cells.^ 

Cryptorchidism. — If the testis fails to descend into the scrotum, the 
seminiferous tubules remain infantile in structure and no development of 
sperms takes place. If the condition is bilateral the individual is sterile, 
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!Fiq. 681. — Changes in Grafted Testis. (Allen, Sex and 
■u Internal Sec/retiona^ 1939.) 


I Portion of rat testis recovered j&oiq scrotum four mouths after 
.C'" transplantation. Tubules show all degrees of change from 

; complete destruction (1), partial destruction (2, 3, 4), to 
. almost normal tubules containing spermatozoa (5). 

but as the interstitial ceUs are structurally normal and continue to secrete, 
the secondary sexual characters develop normally. The lack of development 
of the seminiferous tubules in the cryptorchid is attributed to the higher 
temperature to which the gland is exposed in the abdomen compared with 
that in the scrotum ; if the scrotum is kept artificially warmed, of if the testis 

1 An interesting case is recorded of a man whose wife, beUeving that pregnancy 
would min her he^th, persuaded him to have both his vasa tied in 1939 ; in addition a 
short length of each vas was excised. Subsequently there was complete absence of sperms 
from the seminal fluid. Owing to temperamental incompatibilities the marriage was 
later dissolved and the man married a second wife who was anxious to have children. 
An operation was performed (on 30th September 1949, i.e. after an interval of ten years) 
to restore the continuity of the vasa. On 8th October the semen contained no sperms ; 
on 10th November it contained 9 million sperms per c.c., the percentage of motile sperms 
being 10% and of abnormal forms 20%. In February 1950 his wife became pregnant. 
Examination of the seminal fluid on 28th December ifco showed a volume of 2*5 c.c., a 
total count of 80 million sperms per c.c. and 50% of motile sperms. It is clear, therefore, 
that the spermatogenic potentiality of the testis may persist in spite of years of obstruc- 
tion of the vasa. [Handley, MiMleaex Hosp., 1951, 1, 74.] 
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is deliberately transferred to the abdomen (Fig. (iBO), sperniutogenevsis ceases.^ 
The differences noted between the effects of ery[)torchidisni and those of 
castration demonstrate strikingly that the interstitial (h>I1s are responsible 
for the internal secretion which controls the acu'essory reproductive organs 
and the secondary sexual charatjters. 

Testiculak Gkafts. — Testes grafted into another animal always finally 
undergo atrophy (Fig. 681) ; it is uncertain to what <»xtent such grafts liberate 
their internal secretion. Apart from these doubts, testicular hormone can 
be so readily and effectively administered in simpler ways that grafting as a 
therapeutic method is quite unjustified. 

Testis Hormones. Androgens (Testoids). The term androgen is used 

to describe any substance which has masculini/ang properties, \'.c. whioli 
promotes the growth of the accessory organs of reproduction in castrated 
male mammals (Figs. 678, 683), or of tlm comb, wattles, and ear lobes in 
castrated male birds (Fig. 682). The androgen secreted by the testis is 
testosterone ; its chemistry and that of rela,ted substances is reviewed on 



Fig. 682. — Effects of Androgen on Capon, (Koch, Bull, Acad. Med., 

1938, 14.) 

A. Head showinp; comb and wattles of castrated bird. 

B, Extensive growth of comb and watUea as a result of lntot»ttivc treatment for eighteen 

days with androgen. 

p. 1076* Two weaker derivatives, androsterone and uodehjdroandrostmM^ 
are found in urine and represent degradation products of testosterone. They 
are neutral 17-ketosteroids and constitute, a small fraction of the total 
excretion of these substances in male urine (p. 953). The liver is the main 
site of inactivation and modification of androgens. 

Androgen can also be extracted from the adrenal cortex (p. 967) and is 
present in virilizing ovarian tumours. 

^Inadequate attention has been paid to the cfftHjts (if any) on spormatogenosis of 
wearing the kilt or of residence in a hot country. If the advorHo effects of raised tempera- 
ture on spormatogencBia arc as great as suggested in the text one wt)uld expect to find a 
markedly reduced fertility in the Tropics ; of this there is no evidence. 
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Many other androgens have been artificially prepared, the most important 
clinically being methyl testosterone, which is active hy mouth. Even more than 
is the case with the oestrogens the activity of testosterone is enhanced when 
it is combined with fatty acids ; this is especially so in the case of testosterone 
jpropionate. 

Action of Androgens. — (i) Naturally secreted testosterone is responsible 
for the development of the accessory organs of reproduction and the other 
secondary male sexual characters at puberty, and in the case of some of them 
for their persistence throughout adult life (p. 1107). When injected into an 
immature animal androgen causes precocious development of the accessory 
sexual organs. 

(ii) Androgens overcome the degenerative changes in the accessory 
sexual organs resulting from castration. Thus castration produces atrophy 



Fig. 083. — ^Influence of Castration and of Androgen on Cytology of Prostate. (After) 
Moore, Price, and Gallacher, from Allen, Sex and Internal Secretions, 1939. 

Cells of prostate of rat showing (blade) Golgi apparatns. From left to right : normal cells ; cells from 
castrated twenty ^ys previously ; similar castrate treated with androgen. Note resulting 
increase in size of cell and recovery of Golgi apparatus. 


of the prostate and degeneration of the glandular epithehum ; injections of 
androgen can restore the prostate to normal even after an interval of 6 months 
after castration (Fig. 683). 

(iii) By an action on the epididymis androgen first enhances and then 
maintains the motility and fertilizing power of the sperms which are stored 
there (p. 1103). 

(iv) It is doubtless responsible in large part (initially at least) for the 
distinctive emotional make-up of the male. 

(v) Action on Seminiferous Tubules , — In the hypophysectomized animal 
administration of androgen prevents the degeneration of the se mi ni f erous 
tubules which otherwise occurs, and maintains spermatogenesis (p. 1113). ^ 

Clinical Use of Androgens. — ^These are well illustrated by the following 
case reports.^ The first is of a thin under-developed boy with the usual signs 

1 Foss, Lancet, 1937, ii, 1307 ; 1938, ii, 1284; Brit, med. J,, 1939, ii, 11. Spence, Quart, 
J, Med., 1940, 9, 309. 
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merely by slight penile turgidity ; erection did not occur. He was given 
20 mg. (daily) of testosterone propionate by injection. From the first day of 
treatment sexual desire was increased, erection occurred readily and was 
accompanied by good erotic sensation ; coitus took place nightly, though no 
ejaculation took place (doubtless from lack of adequate secretion by the 
prostate and seminal vesicles). On the eighth day of treatment he was unable 
to sleep all night on account of persistent and painful erection, which was 
unreheved by coitus. The erect penis now measured 15 cm. in length, 11 cm. 
in circumference at the glans, and 11*5 cm. at the base ; it is reported that he 
now “ fully satisfied his wife.’’ He gained 16 lb. in 12 weeks and had to 
wear bigger collars. After an interval he was treated with equal success, 
with testosterone propionate solutions rubbed into the skin and with this 
course ejaculation successfully occurred. It is interesting to note that hair 
grew on the regions of thigh, calf, and leg to which the hormone was applied. 

Fig. 684 illustrates the marked growth of the pubic hair and enlargement 
of the penis which were produced in an adult patient with defective testicular 
internal secretion as a result of three months’ treatment with testosterone 
propionate. ^ 

Control of Testicular Activity. — (1) Anterior Pitxjitaby. — The 
anterior pituitary by means of its gonadotrophic hormones controls the 
growth, functional integrity, and activities of the testis. The exact mechanisms 
involved are still uncertain and are discussed below. 

(i) Hypophysectomy in immature male animals causes the testes to 
remain infantile ; the accessory reproductive organs do not develop owing 
to lack of testosterone. Hypophysectomy in adults leads to testicular atrophy 
and the same changes in the accessory reproductive organs and elsewhere as 
follow castration. In Simmonds’ disease, hypogonadism (depressed spermato- 
genesis and decreased testosterone secretion) is a common finding. Anterior 
pituitary grafts made into immature male animals hasten the onset of 
testicular maturity and of the other signs of puberty ; in hypophysec^iimed 
adult animals they restore normal testicular function. Anterior pituitary 
grafts made into normal animals may stimulate excessive secretion of testo- 
sterone and hence cause overgrowth of the accessory reproductive organs, 
especially of the vesiculse seminales. 

(ii) The interstitial-cellrstimvlating hormone {IGSH) initiates and sust£^ 
the internal secretory activity of the interstitial cells. ICSH is identical 
chemically with the luteinizing hormone (LH) of the female. The secretion 
of testosterone secondarily causes growth and development of the accessory 
organs of reproduction. H ICSH is injected into hypophysectomized animals 
it also causes the return of spermatogenesis ; this action is not a direct one 
on the seminiferous tubules but is due to the release of testosterone which in 
its turn acts on the tubules. This interpretation is supported by the facts 
that in hypophysectomized animals and in patients with Simmonds’ disease 
the administration of androgen restores spermatogenesis. In the intact 
animal, however, the action of administered androgen on the testis is small 

and variable. ^ . * i. ^ 

(iii) It has been supposed that the anterior pitmtary (via the hormone 
known as FSH in the female) directly controls spermatogenesis. This hormone 

1 The action of androgen in the female and its possible clinical nses in women is 
considered on p. 1082 . 
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was therefore called ** gainetokinetic ’’ to indicate that in both sexes it regulates 
the formation and maturation of the gametes (ovum or sperm). If pure JSH 
is injected into hyppphysectomized auiinals it does 'not induce spermato- 
genesis, If it is given together with ICSH it is clainuid that the restoration 
of spermatogenesis is more complete than with ICSH alone, FSH may thus 
be an accessory direct stimulating footer on the tul)ules and ma)r be necessary 
for the maintenance of an optimal level of spennatogenetic activity. ^ 

(iv) The testis in its turn influences the activity of the anterior pituitary. 
After castration in animals the basophil cells in the pituitary increase iu size 
and number and there is increased secretion of gonadotrophin. The testis 
thus normally inhibits the secretion of gonadotrophin. In clinical cunuchoii 
ism due to 'primary testicular failure there is also excessive gonadotroph 
formation, which is relatively immune to androgen treatment but is readily 
inhibited by oestrogens. (When eunuchoidism is secondary to pituitary 
insufficiency there is of course decreased secretion of gonadotrophin.) 

The source and nature of the testicular inhibitory factor are still under 
consideration ; (a) it might bo androgen ; but as mentioned above excess 
gonadotrophin secretion is not inhibited by physiological doses of androgen; 
(b) it might be some other unidentified testiciilar “ fact(u,’' derived perhaps 
from the seminiferous tubules. 

(v) Klinefelter Syndrome}~Li^ht is thrown on this problem by the 
findings in this uncommon syndrome wliich has the following characteristic 
features : (i) the seminiferous tubules are severely damaged or hyalinized ; 
the germinal epithelium and Sertoli cells are absent and no sperm formation 
occurs ; (ii) the interstital cells are normal in appearance and secretory 
activity as judged by the normal state of the accessory reproductive organs; 
(iii) there is considerable enlargement of the breasts owing to duct proliferation 
and increase in connective tissue ; (iv) there is increased excretion of gonado- 
trophin (FSH) in urine ; (v) the urinary output of IT-ketosteroids is reduced. 

The excessive output of gonadotrophin suggests that the pituitary has 
been released from a normal inhibitory control. The testicular lesion however 
aifects the tubules only ; androgen secretion is unaffected. It is, therefore, 
concluded that the sominiforous tubules normally secrete into the blood an 
unidentified pituitary-inhibiting factor tentatively called inhibin.” 

The possible inter-relationships of anterior pituitary and testis are shown 
in Fig, 685. It is probably unwise in the present state of knowledge to press 
too closely analogies between the control of the gonads in the male and female. 

(vi) The anterior pituitary may control the descent of the testis ; iu some 
cases of undescended testes the testes have entered the scrotum following 
(and perhaps as a result of) treatment with gonadotrophic hormone. 

(2) The thymus normally persists till puberty, when the reproductive 
organs develop ; castration prolongs the period of persistence of the thymus. 
The sex glands therefore exert a depressant olTcct on the thymus (p. 1016). 

(3) For action of thyroid and adrenal cortex^ see pp. 986, 967. 

The Prostate*^ — The structure, function, and hormonal control of 
the prostate were briefly considered on pp. 1103, 111 1. Certain other aspects 
of the gland which arc of clinical importance will now be discussed. 

Phosphatase in Peostate.— -( i) The prostate contains small and 

1 KHnofeJto et aJ., J, din, 1942, 2, 616. 

* Huggins, Harvey Lectures, 1946-47, 42, 148, 
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unimportant amounts of alkaline phosphatase (0*5-1 *3 units/g.) in the 
capillary walls. 

(ii) The add phosphatase content on the contrary is uniquely large ; this 
enzyme is found in the epithelial cells and in the lumen of the glands. In 
man, acid phosphatase is found in the prostate in the following concentration 
in units/g.: new-born child 1*5; adolescent 70; adult 500^2,300. The 
increase in acid phosphatase content at puberty is due to the action of testos- 
terone ; thus if a prepubertal monkey is treated with androgen, the acid 
phosphatase in its prostate increases several hundred times. 

(iii) The normal serum acid phosphatase content is only 3 units (or less) 
per 100 c.c. ; it is derived from many organs, the prostate being a quite 
unimportant source because the enzyme cannot get through the walls of the 
prostatic vessels into the circulation ; the serum acid phosphatase content is 
thus approximately the same in children and women as in adult men. 

(iv) The physiological role of the prostatic acid phosphatase is unknown ; 



Fig. 686. — ^Testis-Anterior Pituitary Inter- 
relationsbips. 

if a suitable substrate (like hexosephosphate) were present in the gland with 
consequent release of inorganic phosphate, large amounts of Ca 3 (P 04)2 
would be precipitated owing to the rich Ca content of prostatic fluid. OS'!' 
careous masses of Ca 3 (P 04)2 commonly occur in the prostate ; the surprising 
thing is that they are not larger and more frequent. 

(v) Adult male urine contains 3-5 times as much acid phosphatase as the 
urine of women and children ; the excess enzyme in the male is derived from 
the prostatic the composition of which was described on p. 1103. 

(vi) If acid phosphatase is injected intravenously it disappears from the 
blood in 3—6 hours ; the normal level of serum acid phosphatase thus depends 
on a nice balance between its discharge into the blood from many organs and 

its removal from the blood, . t i. -l 

Carcinoma of Prostate. — The cells of the carcinoma form acid phospha- 
tase to a varying degree ; on ah average the enzyme content of the cancer is 
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l/20tli that of normal prostate (the range is 19 -280 units/g.). It was ex- 
plained on p. 1107 that the prostate is dependent on testosterone not only 
ibr its development but also for its maintenance in adult life. The cells of 
the carcinoma of the prostate also depend on testosterone for their main- 
tenance but the degree of dependence varies considerably with tlie individual 
tumour ; (the came of the carcinoma is unknown). When the growth 
metastasizes the secondary deposits, like the parent growth, also form acid 
phosphatase. When the deposits occur in the bone marrow and lymph 
glands the enzyme can fairly readily into ike blood stream with the result 
that the semm acid phosphatase level rises from 3 units/KXJ c.c. to 10-700 
units. A serum value exceeding 10 units/KXl (^.c. is diagnostics of metastasis 
of prostatic carcinoma. Secondary deposits in bt)ne for some unknown 
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Fro. 686. — Effects of Castration on Seruni Alkali Phonphatase and Serum 
Acid Phosphatase in case of Carcinoma of Prostate. (Huggins, Harvey 
Lectures, 1047, 42, 188.) 

Ordinate : S«rum phosphatano in uwitH per 100 c.c, 

AbHclHHa ; Tlnio In days. 

At arrow : Both testoa rt^rnoved. 

Serxm AlJcalim PhoRphatase, (Normal in adults 14 unlt«/l00 ce.). Koto that the Initial 
level iw 75»-l()0 unltB. A temporary furtlmr rise foUoweil castration; suhsoquontly 
a rapid dedlno sot in. When clinical relai»e occurred tiu« alkaline phosphattiae rose once 
more. The fall was accoinpaniml by clinical rcinirtslon, the Hitbscqtient rise (at 370 
days) by (OInUsal relapm^, 

Smm Adti After orchldcctomy the hwel gradtially fell from 10-X& units 

to about U unita/lOO oo. It began to rise when oliniisai relapse occurred. 


reason stimulate osteoblastic activity and bo raise the local concentration of 
alkaline phosphatase with a corresponding rise of the level of serum alkaline 
phosphatase, e,g, to 70 units/lOO c.c. (Fig. 686). 

Effect of Castration and QEsTRoaBNS.— According to the degree to 
which the malignant cells are dependent on testoKterone' the growth (both 
primary and secondary) regressea after castration or on administering 
an oestrogen {e,g. stilboestrol). Adenocarcinoma is much more sensitive to 
testosterone than undifferentiated carcinoma and is therefore much more 
susceptible to oestrogen therapy. The oestrogen acts (i) by inhibiting the 
release of gonadotpphin bjj’ the anterior pituitary and so decreasing, natural 
testosterone secretion and (ii) by peripherally competing with and antagonizing 
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the action of testosterone. In successful cases there is clinical improve- 
ment, and a fall of serum acid phosphatase sets in after a variable period. The 
dwindling of the bone metastases leads to a temporary unexplained further 
rise of bone and serum alkaline phosphatase, which after 1-3 months rapidly 
declines towards normal (Fig. 686). Some patients have remained well for as 
long as 6 years. The administration of androgen makes the patient worse 
and raises the serum acid phosphatase. Generally the dependence of the 
tumour on androgen is partial, so that after a variable period of oestrogen 
treatment the growth of the tumour is resumed. Undifferentiated prostatic 
carcinomas are completely independent of androgen and are therefore un- 
affected by castration. 

Action of OBsteogbn on Normal Prostate. — Though the prostate 
has a uniform histological appearance, the effects on it of injections of oestrogen 
suggest that it is a dual structure. In the dog the prostate consists of a dorsal 
and a ventral segment ; both parts respond to castration by atrophy of the 
glandular epithelium and in both parts the epithelium becomes tall and 
columnar after injection of androgen. On injecting oestrogen, however, in 
the ventral part the epithelium atrophies and the acini coUapse, while in 
the dorsal part the columnar epithelium becomes stratified squamous. It 
has been suggested that the posterior lobe of the prostate in man is functionally 
distinct from the other lobes ; it is the common site of carcinoma and never 
the site of the “ benign ” enlargement. 

Prostatic enlargement commonly occurs in elderly men ; the cause is 
unknown. It has been attributed to a decrease in androgen and an increase 
in oestrogen formation. Androgen therapy however does not benefit the 
patients. 



APPENDIX 

CRITICAL ANALYSES OF FIGURES 
FIRST ANALYSIS 



Fxo, 6t$7* — Unipolar excitation of exposed transverse surface of lateral column of spinal 
cord at first cervical level; effect on arterial pressure* Decapitate preparation 
(E* B. Cox and N. B. Dreyer)* 

zero level of pressure ; S, signal marking time of faradization ; U, time in secs. 
In B the quicker drum makes the cardiac acceleration moro obvious. 

(Figure and legend from Liddell and Sherrington, Mammalian Phymlogyt Clarendon 
Press, 1929.) The scales on the left represent mm. Eg. 
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THe preparation, as described, is decapitate the spinal cord has been 
divided at its junction with the medulla and the brain (and head) removed, 
leaving the upper surface of the first cervical segment exposed. The blood 
pressure record is of the kind obtained by inserting a cannida filled with some 
anticoagulant fluid into a large artery (e.^. carotid or femoral) and connecting 
it with a mercury manometer (p. 301). The movements of the mercury are 
transmitted by means of a float equipped with a writing point to the blackened 
surface of the paper fixed on the moving drum. - As stated, the drum is moving 
more rapidly (about twice as fast) in record B as in A. 

Control Period, The arterial blood pressure in A is fluctuating between 
55 mm. Hg at minimum and 60 mm. Hg at maximum ; it is a little lower 
in B. The arterial blood pressure in a normal (ansesthetized) or decerebrate 
cat is of the same order of magnitude as in an intact man. Why then is 
the initial level of blood pressure in this experiment so low ? The blood 
pressure depends on the product of the cardiac output and the peripheral 
resistance (p. 302). The latter depends on the integrity of the vasomok>r 
centre (p. 303} and of the sympathetic nervous system. A trans-section 
at the upper border of the spinal cord cuts off the tonic discharge which 
normally passes the vasomotor centre to the sympathetic connector cells in 
segments Th 1 to L 2 of the spinal cord. There is consequently universal 
vasodilatation owing to loss of arteriolar tone and the blood pressure falls 
to the level shown in the record (p. 303). 

The control strip of blood pressure record shows two kinds of oscillations 
(better seen in the fast record B than in A). The small excursions are obviously 
due to the heart beat ; the larger resemble the variations that commonly 


occur with the phases of respiration. 

The control heart rate in A is 24 beats in 4 sec. and in B 14 beats per 2 sec. 
(corresponding to a rate of 360 and 420 per minute). This is a far higher 
rate than is found in the intact animal. In this preparation the vagus 
nerves have been out off from their nuclei of origin in the medulla. ^ After 
bilateral vagal section, normal vagal tone (or vagal restraint) is abolished ; 
the heart rate is consequently markedly increased. (In man, following full 
doses of atropine to ‘‘ block ’’ the vagal terminal, the heart rate rises to 
about 150 per minute ; the maximal heart rate in man in excitement or 
exertion is under 200 per minute ; the rate of the. released heart in this cat 
is far more rapid.) The extent of the oscillation of bldbd pressure with each 
beat represents the difference between systohc and diastolic pressure, the 
pulse pressure. In this experiment the pulse pressure as recorded is about 
2 mm. Hg. Is the record a reliable measure of pulse pressure ? The answer 
is that it is not. A mercury manometer possesses considerable inertia ; the 
pressure as recorded neither rises to the full ' systolic nor falls to the m 
diastohc level, but oscillates slightly round the mean blood pressure. In this 
experiment, owing to the exceedingly rapid heart rate, the output per b^t 
must be correspondingly reduced, so that the true (as well as the appareint) 
pulse pressure is greatly diminished. , , „ , . ■, « -a. » 

The larger blood pressure variations, labelled tentatively respiratory , . 
occur at the rate of 1 per sec. or 60 per minute. But how can a de^pitate 
preparation breathe in the absence of the respiratorjr centres m me pons 
Ld medulla 1 and how can a spinal animal survive jf it _<^ot breathe ? 
Presumably the fluiTnal is being kept alive by means of artificial respiration 
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(generally carried out with a punij) cunnectml with a cannula inserted into 
the trachea). The rate of artificial rCvSpiration (OO per minute) is hi^h and 
it is not unlikely that the preparation is being over-vent.ilated and so suffering 
from carbon dioxide lack. Why should tlie Ijlood pressure vary with the 
phases of artificial respiration The factors comitig into play during natural 
respiration are analyzed on p. 313; but normal l)reathing differs in many 
respects from pump ventilation. There is, for (*xa,inple, no (uiive enlarge- 
ment of the chest cavity and no fall of intrajdeural pressure during the phase 
of pump inspiration. Nor are there any variations in this experiment in the 
rate of the heart with the phases of respiration (sinus arrhythmia depends on 
the integrity of the vagi ; in this preparation the vagms nuclei in the medulla 
have been removed). During the period of inilation of the lungs by the 
pump, the intra-pulmonary pressure is raised as tlie inflated lungs forcibly 
expand the chest cavity ; during deflation the intra-pulmonary pressure falk 
During inflation the capillaries, venules, and veins in the lungs and in the 
chest cavity are compressed, impeding the return of blood to the left heart 
and so decreasing the cardiac output and blood pressure ; the reverse occurs 
during deflation. If this explanation is correct tlum a simultaneous record 
of blood pressure and “ respiration would show the blood pressure falling 
with “ inspiration and rising with expiration.*’ 

Period of Simulation, During the descent of the signal line, S, the spinal 
cord is subjected to ** unipolar excitation ” and ‘‘ faradization.” What is 
** unipolar excitation ” ? Two electrodes arc employed as follows : one 
electrode is a large indifleront electrode consisting, of a large copper plate 
wrapped round with cotton wool soaked in saline and iixed firmly over hairless 
skin (usually the foot pad) ; the actwe electrode is a fine wire which can be 
applied accurately to a very restricted region wliich is to bo stimulate! 
Faradization means that the primary circuit of the induction coil employed 
is rhythmically interrupted. The electrodes are attached to the secondary 
circuit probably through a short-circuiting key. “ Unipolar faradization is 
particularly suitable for stimulating nervous surfaces where the direction of 
the fibres to be excited lies mainly at right angles to the plane of the surface. 
It is therefore fitted for experiments on point-to-point stimulations of out 
planes of the central nervous system or the nat\iral surfa<‘.eB of the bulb or 
cortex cerebri.” Stimulation is carried out in A for 8 sec. and in B for 3*6 sec. 
In A after a latent period of about 0*5 sec. the blood pressure begins to ascend 
smoothly but shows an increase in the rate of ascent towards the end of 
stimulation ; the peak pressxiro attained is 110 mm. ilg ; the pressure falls 
to 90-100 mm. Hg at the end of stimulation. The heart rate obviously 
increases but accurate measurement is impossible in A. In B the blood 
pressure also begins to rise after a latency of about 0*5 sec. and continues to 
rise throughout stimulation to a maximum of 70 mm. Ilg. The cardiac 
acceleration sets in somewhat later (after 1 sec.), the rate rising from about 
7 per sec. to about 10 or 11 per sec. {i,e, to over 600 per minute). 

Recovery Period, On cessation of stimulation in A the blood pressure 
progressively declines to about 70 mm. after 4-6 secs, and stays at about this 
level with small fluctuations to the end of the record. The size of the blood 
pressure variation with ‘‘ respiration ” becomes more marked towards the end 
of the period of stimulation and remains more marked to the end of the 
record. In B the blood pressure returns to normal in 5-6 secs. ; the cardiac 
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acceleration persists after the end of stimulation, and at the end of the record 
the rate is still 8-9 per sec. (over 500 per minute). 

Comment. The net result of the period of stimulation is a rise of arterial 
blood pressure and acceleration of the heart, which continue for varyiDg 
periods of time after stimulation is discontinued. The simplest explanation 
of the results is that stimulation of the spinal cord leads to a discharge along 
the sympathetic nerves to the heart and blood vessels. Fig. 437 shows the 
chief tracts which are found in the lateral columns of the spinal cord. The 
fibres involved in the reaction are presumably fibres descending from the 
brain stem to end in the lateral horns of grey matter in the thoracic and upper 
lumbar cord where the sympathetic connector cells are situated. The cardiac 
acceleration is presumably due to stimulation of fibres which descend from 
the cardio-accelerator centre in the medulla to end in Th 3, 4 where the cardiac 
sympathetic fibres arise. The detailed route of the sympathetic fibres to 
the heart is described on p. 709. The rise of arterial blood pressure may be 
due to increased cardiac output or increased peripheral resistance or both. 
Sympathetic stimulation increases the force as well as the rate of the heart 
beat ; but unless the venous return is simultaneously increased or there is a 
high initial level of venous pressure the cardiac output is not increased in 
consequence. In other words, the increased heart rate dimimshes the output 
per beat and generally does not increase the output per minute. The tracings 
give no direct evidence on these points. The apparent pulse pressure is 
decreased when the heart is quickened, suggesting a decrease in stroke volume ; 
but it must be remembered that, owing to the inertia of the mercury in the 
manometer, the size of* the excursion per beat decreases when the heart 
quickens, even if the stroke volume is unaffected. In B it is clear that the 
rise in blood pressure precedes the outset of cardiac acceleration ; the blood 
pressure also declines in B while the cardiac acceleration persists. It seems 
therefore that the rise of blood pressure and the cardiac acceleration are 
partly at any rate independent of one another. It may be assumed therefore 
that the rise of blood pressure is partly (if not wholly) due to increased peri- 
pheral resistance. Stimulation of the spinal cord excites the fibres passing 
down from the vasomotor centre to the sympathetic connector cells in Th 1 
to L 2 ; impulses fiow out along the sympathetic nerves (for route employed 
cf. pp. 709 et seq.) to the arterioles (and perhaps the capillaries and venules), 
produce vasoconstriction and so raise the blood pressure. Additional data 
would be needed to provide complete proof, such as those provided by plethys- 
mography (p. 304), blood fiow (p. 305), or temperature measurements (p. 305). 

The after-effects must now be dealt with, i.e. the persistent acceleration 
in B and the persistent elevation of the arterial blood pressme in A.^ It is 
known that sympathetic stimulation involves two chemical interme(haries ; 
acetylcholine in the ganglia and adrenaline at the sympathetic terminals in 
the tissues. If the acetylcholine formed during stimulation in the ganglia 
were to persist locally after cessation of stimulation it might continue to 
excite the gangha and set up peripherally passing impulses. ^ Simfiarlv the 
adrenaline liberated peripherally might persist, so maintaining the 
of sympathetic stimulation after impulses had ceased to arrive at the blood 
vessels and heart muscle. There is another possibility. If there is an outfic^ 
of impulses along the sympathetic generally in this experiment then the 
adrenal medulla may be stimulated (p. 730) causing a secietion of adrenahne 

36 
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into the circulation ; this adrenaline will continue to produce peripheral 
effects (identical with those of sympathetic; stimulation) after stimulation 
has been discontinued. Secretion of adrenaline during stimulation may 
account for the step-like ascent in blood pressure already noted in A. ^ 
As previously mentioned the extent of the blood pressure excursions widcli 
were attributed to respiration is increased in A during the latter part of the 
period of stimulation and very obviously aftc^r stimulation has stopped. It 
suggests at first sight that there^ is an increase in tlie deptli of respiration, 
But no natural res;^iratiou is taking place and there is no reason to suppose 
that the stroke of the pump maintaining artificial res[)iration has been 
increased. The following suggestion may be made. The degree of expansion 
of the lungs depends not only on. the stroke of the pump but also on the 
resistance encountered in the respiratory passages, (^specially in the muscular 
bronchioles. When the bronchioles are constricted, the lungs become less 
expanded ; when the bronchioles dilate, the lungs undergo greater expansion. 
It is possible that in A bronchiolar dilatation occurs. It is known that 
sympathetic stimulation can produce broncho-dilatation. 
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Fig. 688. — ^Reciprocal reflex of antagonistic mnsdes of knee. 

F, semitendmosus, a knee flexor ; E, vastocrureus, a knee extensor ; IP, ipsilateral 
popliteal nerve. The contraction of the flexor muscle is accompanied by inhibition of the 
extensor ; the latter is followed by a marked rebound contraction. Decerebrate cat. 
Time marked above in 0-25 seconds. The signal line signals upwards. The myograph 
writer for extensor muscle is set a little to right of that for flexor muscle in order that 
the two may clear each other ; the ascent of F and the descent of E are therefore, in fact, 
practically synchronous. 

(Figure and legend (slightly modified) from Sherrington, Quart. J. exp. Physiol. 1913 
d, 257.) 
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[>repjiration is t-he brain stunn Inis been i.rans-sected 

through or below the red niiclena aiul above Deiters' nucleus, generally between 
the Buperior and inferior colliculi, 8uch a preparation can breathe naturally 
and has intact central and reflex inechauiBnus for the regulation of heart rate and 
blood pressure ; as the he^at regulating centres Iiuau^ bi^ui removed, the prep- 
aration is poikilothermic. No detailw are. givtm of the ty})e of myograph em- 
ployed. MuBc.ular contraction can be studied under iwonud-ric or isotonic 
couditiotis (inuschi ttmsion or length resjHU’tividy being namnled). In this 
example the contraction appears to he isotonic*, atul tlu‘ dc‘gret‘ of shortening 
or lengthening of the muscle fibres is being studicnl (a. cm. scale has been 
appended for convenimice) ; an asocmt of the h^veu* n‘pn‘seuts contraction, 
a descumt relaxation* InsiuHttion of the exte^nsor re(‘iu‘d K sIk>vvb that on 
stimulation of IP (i]>silaterul popliteal jiervtd the h'.vt^r fails markedly. Now 
completely unstimulated skeletal muscle is fully relaxed ; there are no 
elTerent inhibitory nerves to vertebrate skeletal inuscde. Therefore if the 
extensor nmscle E at some stage undergo(‘s indaxation beyond its original 
control level, it must have been initially h\ a state of contraction. This 
contraction cjan only be due to impulses rc^atdiiug E along the motor fibres 
from controlling ventral horn cells ; as ventral Inum cidls cannot discharge 
spontaneously they must have beeu uiiclergoing ailbnutt, Le, rcilex stimulation. 
The extensor muscle initially is therefore in a st.at.(*. of contmdlon. This 
is to be expected in a decerebrate preparaiitm in which all the extensor 
(antigravity) muscles are redexly contracted as a result of impulses sot up 
by stretch of the antigravity nuistdes themselves ; this proprioceptive reflex 
contraction represents muscle toHe vvhicdi is pres<mt in heighticiuHi form and 
in unusual distribution iu tlui <iecerebra,i.e preparation aiul subserves its 
imperfect standing posture (of. p. 585). There is no (‘viden<5e in the record 
to indicate whether the llexor muscle F is initially in a state of tone or not ; 
generally but not invariably the aniagonislits ilexors in (b*cerel)rate rigidity 
are reciprocally inhibited. 

During the ascent of the signal line IP, tin? ipsilateral popliteal nerve 
was stimulated for 1*5 sec. Ipsilateral— a)f the same side ; i.c. the popliteal 
nerve the central end of which was stimulated (by interrupted induced 
current —faradization) was on tlu^ same, sale (in tin^ same limb) as the 
responding muscles. 

Remlis of Stimulation. Arcs have been ituscribetl by the two levers on 
the drum while stationary to indicate their dinudiioti of movement. They 
trans-sect the control line for F and K at the point of onset of stimulation. 

After a latent period of abo\xt Ovl sec., the llexor F begins to contract. 
The ascent shows three or four step)s and reaches its stuvunit (5'5 cm.) after 
0-6 sec. ; it rises very little further (with slight irregularities) to the end of 
stimulatiom On cessation of stimulation the lever remains at its peak level 
or rises very slightly for a further period about equal to the latent period 
(about 0*1 sec.). Rapid relaxation seta in to M cm*, the lever falling along 
an arc almost parallel to that inscribed on the stationary drum. After a 
trivial secondary recovery there is a further fall to 0*9 cm., followed by a 
secondary rise to a peak of 14 cm. (1-2 sec. after connnencement of relaxation), 
with further gradual, irregular relaxation almost to base line (about 3 secs* 
after cessation of stimulation). 

In E, after a similar latent period (0-1 sec.) the lever descends (the muscle 
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relaxes) first rapidly (showing one notch) to 3-2 cm. in 0*2 sec. ; relaxation 
.proceeds increasingly gradually (showing two further notches) right to the 
end of stimulation ; the further fall is under 0-8 cm. in just over 1-0 sec. 
On cessation of stimulation there is a small but unmistakable affcer-fall 
(i.e. further relaxation) followed by a sharp and striking ascent of just over 
9*0 cm. (more than 5 cm. above control level), reaching its peak in 1-5 sec. ; 
the final part of the ascent is slower and irre^ar. It is followed by a slow 
irregular descent, but at the end of the record the level of E is still 3*5 cm. 
above the control level. 


Comment : F. The latent period (p. 532) is due (as in all reflexes) to the 
time spent in conduction of the impulse in the afferent and efferent nerves, 
transmission at the neuromuscular junction (p. 510) and the latent period of 
the muscle itself (peripheral delay), plus the time spent in transmission in the 
central nervous system (central delay). The rate of development of contrac- 
tion, i.e, the rate of ascent of the lever requires careful consideration. A 
reflex contraction is always a tetanus (never a twitch). A record of the motor 
tetanus of F (from faracdc stimulation of its motor nerve) would have been 
valuable for purposes of comparison (of. Fig. 336). Some indirect data are 
provided by the record. The rate of contraction of the muscle in a motor 
tetanus is of the same order as the rate of relaxation. It is quite clear that 
the rate of contraction of F is far slower than the initial substantial phase 
of its relaxation. The arguments set out on p. 538 indicate that the slow ascent 
may be due to progressive recruitment of motor neurones in the motor pool 
of F under the influence of continued afferent stimulation ; the steps on the 
ascent would represent the recruitment of large additional groups of motor 
neurones. Reflex recruitment is the^result of central summation (p. 538). 
Recruitment is generally less well marked in the flexor than in the crossed 
extensor reflex (the former response tends to be of the^ d^embUe type, i.e. all 
the motor neurones are activated approximately simultaneously). The 
stimulation plateau represents the completion of the recruitment process. 
On cessation of stimulation the tension of F is maintained at plateau level 
for a time equal in duration to the latent period ; this post-stimulation 
plateau is thus the result of impulses which were still travelling in the reflex 
arc when stimulation stopped. Relaxation (to the^ extent of 5*7 cm.) then 
occurs immediately and is due to cessation of the discharge ffom the coir^- 
ponding motor neurones which are no longer reflexly stimulated. The 
subsequent terminal delayed relaxation is not due to^ any peculiar inherent 
property of the peripheral nerve-muscle mechanism ; it must represent after- 
discharge, i.e. some motor neurones continue to discharge although impulses 
by the direct (shortest) reflex route no longer arrive at the centre. As 
explained on p. 539 this after-discharge may be due to impulses travelling m 
long circuits in the central nervous system. The fluctuatmg character of the 
after-discharge contraction cannot be accounted for by the data available 
in the record ; afferent impulses are, however, commg up from E, so tnat 
its rebound contraction {infra) may be playing s<^e part. 

F. The latent period of the reflex response of E is (ke partly to penpheral 
and partly to central delay (as for F). Relaxation of E when it sets in is far 
slower thaa tie main piase of relaxation of F. "ae 
to central inhibition ; the afferent impulses m IP mhibrt ^ 

charge of the motor neurones of B. But as we have seen, the rate of relaxation 
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is slower than would be expected from simple cessation of all motor impalaefl 
to E {e,g. as ox\ cessation of a peripheral motor tetanus). It is probable 
that the gradual relaxation which becomes progressively less rapid as stimula- 
tion continues, is due to inhibitory recruitment (cf. Fig, 340, p. 642), i.e. an 
increasing number of motor neurones in the motor pool for E are brought to 
rest as afferent stimulation continues ; the notches in the curve may indicate 
inhibition involving new large groups of motor neurones. Inhibitory recruit' 
ment is the result of central (inhibitory) summation. The after^fall (after 
cessation of stimulation) may be accounted for as follows. IP contains many 
fibres, not all of which are necessarily inhibitory to E ; most of them are 
as seen by the results of stimulation of IP, b\it some may be excitatory. The 
response of E would depend on the algebraic sum of the central effects produced 
by the inhibitory and excitatory afferents in IP on the motor pool of E. These 
opposing central effects may not persist for the same lejigth of time on cessation 
of stimulation. If it is supposed^ that auffiral excitation dies down more 
quickly than competing central inhibition, there would be a temporary 
accentuation of the effective central inhibition exerted on the motor pool of 
E. The after-fall is followed by a very striking rebound contraction, the 
exact causation of which is unknown apart from the fact that it follows on 
central inhibition. During this period the discharge of the motor neurones 
of B is temporarily enhanced above that prothunng the initial level of tone. 

With reference to F, the ipsilateral poplite^al nerve IP is an excitatory 
afferent ; with reference to B, IP is an inhibitory affenuit. There is no evidence 
that two kinds of fibres are present in IP, one exclusively excitatory to F, 
the other exclusively inhibitory to B. It is known that if the flexor F and 
the extensor E on the contralateral side were rccordcid, IP would prove to 
bo excitatory to E (crossed extensor reflex) and inhibitory to F, The antagon- 
istic effects of on ipsilateral F and K depend therefore on differences in 
the central terminals. Fig. 345 shows the supposed arrangement; some 
collaterals from IP go to F, others to K. The synaptic terminals on the 
centre for F arc excitatory (excitatory transmission occurring), those on the 
centre for E are itvhibitory (inhibitory transmission occurring). The result 
is contraction of F (the protagornst) and re<nprocal inhibition of E (the 
antagonist) permitting smooth flexion of the knee to occur. The tracing 
illustrates thoroforo reciprocal innervation. “ In this co-ordination the 
inhibition is not poripluiral but central, that is, it has its seat not in the 
muscle nor in the peripheral nerves, but in the nervous centre, probably 
about the starting-point of the * final common path,’ The muscle relaxes 
because the motor discharge from that centre is abated.” 

The tracing may arotise reflections about inhibition in relation to autonomic 
and to skeletal muscle respectively- The most appropriate comment can be 
given in a quotation from Sherrington : 

Nerve makes its first appearance phylogenetically in association with 
muscle. Of all tissues muscle is the closest and most delicate exponent of 
nerve-action. Yet not all muscle is eaually intimately tied to nervous centres. 
The beat of the heart, freely separable froni central nervous action, proceeds 
unimpaired after the heart’s removal from the bod v. Similarly the intestinal 
and other visceral muscles, bladder, continue their rhythmic contractions 
after rupture of all extrinsic nervous ties. Almost as full is the muscular in- 
dependence of the blood vessels. Their tonus is in many cases impaired by 
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severance of their connexions with the neuraxis (central nervous system), 
yet the impairment is but transient. Thus the contractile activity of these 
visceral and vascular muscles is fundamentally independent of central 
nervous influence. Yet, to all these visceral and vascular muscles, including 
the heart itself, nerves are distributed from the central nervous system, and 
through these nerves that system does on occasion influence visceral and 
vascular activity. The nature of the influence thus exerted is in all these 
cases twofold. Two influences opposite in kind and direction can be exerted, 
and sometimes one is employed, sometimes the other. The one augments the 
contractile activity of the muscle, the other diminishes it : the former is 
termed excitatory, the latter inhibitory ; and the nerve fibres which unfold 
these two influences respectively are distinct from one another. 

In striking contrast with this large measure of independence from the 
central nervous system shown by the visceral and vascular muscles stands the 
complete dependence on that system of the skeletal muscles. The contraction 
of a skeletal muscle is always the expression of a mandate sent to it from the 
neuraxis. Even with the peripheral nerve-muscle preparation, a stimulus to 
the nerve throws the muscle into contraction more readily than a stimulus 
applied directly to itself. After severance of its nerve, a skeletal muscle never, 
except under artificial stimulation, contracts again. Hence, when removed 
from the body, a skeletal muscle, unlike the heart, intestine, stomach, bladder, 
etc., never of itself contracts again. Mere section of its nerve, even when the 
muscle remains in situ, causes it to lapse into a paralytic quietude so profound 
that its very structure becomes in a short time hardly recognisable as muscle. 
Its contractive function and its very nutrition are indissolubly dependent on 
the ncuraxial centre which innervates it. 

“ That stimulation of the nerve of a skeletal muscle readily and regularly 
elicits contraction of the muscle was known early. The discovery later 
of nerves augmenting and accelerating the contractions of the visceral 
and circulatory muscles fell into line with that previous knowledge, and 
seemed natural enough. But the discovery by the Webers in 1846 that 
a nerve passing to the heart can stop or inhibit that muscle’s contraction 
seemed so surprising that at first it was by many not accepted. When assured 
as a fact, it was, however, recognized as a phenomenon of high significance, 
unlikely to stand alone. Search for inhibitory nerves to other muscles was 
begun. The muscle of the intestine wall was shown to have an inhibitory nerve 
(n. splanchnicus, Pfliiger, 1857). The ring-musculature of the submaxillary 
artery and its branches was shown to receive an inhibitory nerve (chorda 
tympani, Bernard, 1858). Meanwhile, there was always expectation of dis- 
covery of inhibitory nerves to skeletal muscle. In 1885, Pavlov discovered 
inhibitory nerves for the adductor muscles of the bivalve mollusc Anodon ; 
and similarly Biederman, in 1886, inhibitory nerves for the claw muscles of 
the arthropod Astacus. For the skeletal muscles of vertebrates, however, 
no such inhibitory nerves have come to light. 

‘‘Yet it were strange did the abundant machinery of the vertebrate 
nervous system provide no means for checking or curbing the contraction of 
the muscles of its great skeletal muscular congeries. That congeries, with its 
manifold individual pieces, some diametrically opposed to others, is so 
complex, and the confusion and waste of effort consequent were its opponent 
parts to obstruct each other’s action would seem so foreign to Nature s usual 
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harmonious economy, that inhibitory as well as excitatory control appears 
a priori almost a necessity. The negative result of the search for skeletal 
inhibitories did not quell the expectation that they would ultimately be 
found ; the search was often renewed. It was, however, always a search 
for direct efPorent inhibitory nerves passing to the muscle from the central 
nervous system on the plan already discovered for visceral and circulatory 
muscles. Yet when the broad facts are kept in view, that plan does not 
appear as necessarily the one most likely to exist. With the skeletal muscle, 
contraction has become so wholly dependent on the central nervous system 
that it contracts only when the immediate spinal or cranial motor centre 
summons it to do so. With a muscle which contracts solely at behest of its 
motor nerve-centre, a simple plan to control th(5 muscle is to control the 
centre. And, in fact, it is now found that the inhibitory control over 
skeletal muscle is obtained by centripetal inhilntory nerves acting on the 
muscles’ motor centres; the control is not by centrifugal nerves directly 
inhibiting the muscles themselves. Hence, unlike the autonomous muscles, 
visceral and circulatory, which receive two kinds of centrifugal nerves, ex- 
citatory and inhibitory, the skeletal muscle receives but one nerve, namely, 
an excitatory or motor nerve. No inhibitory nerve is supplied to it. But its 
motor centre receives two kinds of centripetal nerves, excitatory and inhibitory. 

“ The state of the skeletal muscle reflects faithfully the state of its motor 
centre. Its motor centre is the only source whence impulses can reach it. 
Upon that motor centre many nerve-paths converge, transmitting to ii 
nervous impulses from various receptive points and from centres elsewhere. 
Of these nerve-paths some excite, others inhibit. The latter, by quelling or 
moderating the discharge from the motor centre, quell or moderate the con- 
traction of the muscle. The inhibition of the skeletal muscle is therefore 
always reflex ; and the study of skeletal^ inhibition falls wholly under the 
head of reflex action. The motor centre is a convergence point for various 
reflex influences competing, so to say, for dominance over the muscle. The 
motor centre lies as an instrument passive in the hands of opposing forces of 
excitation and inhibition, exerted by nerve channels which impinge upon it. 
Sometimes the one influence and sometimes the other influence prevails; 
often the two are simultaneously in action, and then these opponents partially 
cancel, either spatially in proportion to the relative intensity of their respective 
stimulations, or temporally by alternating with each other rhythmically in 
their dominance over the motor centre, thus producing rhythmic reflexes.” 
[This long quotation is from Sherrington’s paper entitled Reflex Inhibition 
as a Factor in the Co-ordination of Movements and Postures ” in Qmrt J. 
exp. Physiol, 1913, 6, 251-310.] 
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Abdominal pain, 769. 
reflexes, 645. 

Abortion, produced by stilbocstrol, 1082. 
progesterone treatment, 1082. 
vitamin- -2? treatment, 1087. 

Acapnia (CO 2 lack), 395. 

Accessory food factors, 1019. 
Acclimattzation to anoxia, 400, 445. 
alkaline urine in, 98, 401. 
increased breathing in, 401. 
to heat, 478. 

Accommodation of nerve fibres, 494. 
in tetany, 1005. 

Acetic acid, acetylation reaction, 873. 

building units for body components, 
873. 

complete dissimilation, 872. 
condensation to aoeto-acetic acid, 872. 
conjugation with, in liver, 828. 
formation of, 871. 

relation to citric acid cycle, 861, 862, 872. 
synthesis of fatty acid, 873. 
units, 871, 872. See Fat. 

Aoeto-acetic acid, 869. See Ketone bodies. 
Acetone bodies. See Ketone bodies. 
Acetone, 869. 

Acetylcholine, actions of, 718. 
after atropine, 718. 

nicotine, 719. 
on chomoreoeptors, 746. 
circulation, 718. 
leech back muscle, 720. 
skeletal muscle, 513, 614. 
spinal cord, 630. 
supra-optic nucleus, 719. 
sweat glands, 718. 
biological tests for, 720. 
chemistry of, 609. 
destroyed by esterase, 614, 720. 
direct action, 718. 
muscarine action, 718. 
nicotine action, 718. 
stabilized by eserine and other anti- 
cholinesterases, 614. 

transmitter at parasympathetic ter- 
minals, 719, 720. 
in spinal cori 630. 

autonomic ganglia, 623. 
of dorsal nerve roots, 721. 
to skeletal muscle, 613, 721. 

Achalasia of cardia, 816. 

Achlorhydria. See Achylia gastrica. 
Acholuric (congenital, familial, haemolytic) 
jaundice, 229. 
red cell fragility in, 170. 
splenectomy for, 229, 

Achylia gastrica, 197, 202, 784, 862. 

1 Prepared by I. CaJ 


Acidic ionization, 855. 

Acid tide, 99. 

Acidssmia, 89, 101. 
compensation for, 91 et seq, 
dyspnoea from, 94, 99, 456. 
effect on breathing, 94, 396, 397. 
kidney, 94 et seq. 
respiratory quotient, 374. 
pathological, 99, 102. 

See Blood, reaction of, pathological. 
Acidosis, 89, 101. 

Acromegaly, 935. 
glycosuria in, 941. 
serum P in, 1001. 
sexual changes in, 941. 
skeletal changes in, 935. 
thymus in, 1017. 
tumour cells, 44. 
visual changes in, 580. 

Actin, 426. 

Acto-myosin, 426. 
adenosine triphosphate and, 426. 
muscle contraction and, 427. 

ACTH (adrenocorticotrophic hormone), 930, 
946. 

action on adrenal cortex, 946. 
thymus, 1016. 

Cushing’s syndrome, 947, 954, 965. 
diabetogenic action, 964. 
effects of hypophyseotomy, 946. 

injection into animals, 946. 
eosinophil count and, 951, 952. 
glycosuria from, 966. 

17-ketosteroids in urine, 932. 
oversecretion, 965. 
polypeptide, 964, n. 3. 
response to stress, 947. See Stress, 
treatment of gout, 899, 

Action potentials in auditory pathway, 573. 
in cerebral cortex, 616. See Electro- 
encephalogram, 
chemoreceptors, 746. 
heart muscle, 239. See Electro- 
cardiogram, 
nerve fibre (g.t?.), 485 
sensory nerves, 651. 
sinus nerve, 742. 
skeletal muscle, 427. 
in ankle clonus, 644. 
decerebrate rigidity, 685. 
respiratory muscles, 392. 
voluntary movement, 647 etseq. 
somatic sensory cortex, 668. 
vagi during breathing, 387. 

Acute yellow atophy of liver (icterus 
gravis), 833. 

vitamin-K useless in, 153. 

La and Sheila^Wright. 
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Adaptation, 550. 

syndronio, 1)01, n. 

Addison's disease, 1)54. 

blood Na"**, and Or in, 1)55. 
prcKfiuro, 1)57. 
reaction, 955. 
augar, 950. 
voluino, 955. 
cortisone for, 1)01, 
crisis, 957. 

insulin Bcmsitivity, 1)5(>. 
kidney function, 055. 
m\iB(4e power, 050. 
pignientation, 057. 

Uobinson’s test, 050. 
salt depletion test, 950. 
thynniH in, 1017. 
treatment of, 900, 901, 
urine in, 957. 

Adenine, 878, 805. 

pool, 890, 

Adenosine, 000. 
diphosphate, 420, 842. 
monophosphate (AMP), 842. 
triphosphatts (ATP), 420, 807, 842, 840, 
844, 845, 848. 

Adonylio acid, 017, 020, 000. 
Adiadochokiuesia, 0 1 1. 

Adipose tissue. 805. 

Adrenal cortex, 940-969. 

ACTH iq.v.) and, 940. 
actions of, diabetogenic, 945. 
on kidney, 945. 

mammary gland, 1094. 
metabolism, 946. 
sweat glands, 945. 

active principles of, 957. Adrenal 
oorti(Joids. 
amorphous, 958. 
crystaUino, 957. 

Addison’s disease (r/.?’.), 964, 
adrenal feminization, 968. 

virilism, 908. 
adrenalectomy, 945. 
adrenogenital syndrome, 900. 
adult syndromes, 908. 
a8oorbi<5 acid in, 944, 1009. 
atrophy of, induced by corticoids, 950. 
carbohydrate absorption and, 806, 
clinical indices of activity, 951. 
comparative anatomy, 944. 
corticoids in urine, 964. 

Cushing’s syndrome, 905, 960, 907. 
embrySogy, 046, 
eosinophil count and, 961, 962. 
functions of, 945* 
histology, 944, 

insulhojenoy of, 964. See Addison’s 
disease, 
lipides in, 944. 
methods of study* 946, 961. 


Adrenal cortex, mixed syndromes, 969. 
perfusion of, 900. 

pr<K‘oeiouH isoscxual development in 
children, 907. 
secretion of, 940. 

I7-"ketosteraids (r/.r.) in urine and, 952, 
sex hormones in, 958. 
stress, response to, 947. 

Adrenal corticoids, ju^tions of, 900-969. 
on blood eosinophils, 051, 952, 

Nh"+ consult of sweat, 952. 
thymus, 1010. 

amorphous fraedion, 958, 900. 
ami ascites, 823. 
cold, 480, 
shock, 344, 

sweat secretion, 407, 470, 945, 
androsterone and, 958, 959. 

CO rticoM terone, 959 . 
cortisone ((/.c.), 959. 
crystalline, 957. 

I l“*<iehy dro - 1 7- hydroxy corticosterone 

(eompouml K, cortisone), 959. 
desoxycorticoitls, 95B, 
desoxy(‘orti(H)Hterone (deoxycortone) 
acetate (DOOA, DOA), 959. 
dcHoxycortiaonc (compound 8), 969. 

I I -iiesoxy “»n-hydroxyeorticostorono 

(com])ouna 8), 959. 
glucocorticoids, 958. 

1 7-hydro .xyi'orticosterone (compound 
P), 954, 959, 960. 
17-keiost(^r<>idH in urine, 952. 
mineralocorfci(x>ids, 058. 
natural, which, 95^ 
o.xycorticoids, 958. 
sex hormones and, 958, 

Adrenal feminization, 90S, 
virilism, 968. 

Adrenal gland, 723, 943. 
accessory tissue, 945, 
embryology, 945. 
extirpation of, 945. 
histology of, 943. 

Adrenal medulla, 723-735. 
acce.sHory tissue, 945 n. 1. 
active primuples of, 723. 
comparative anatomy, 944. 
functions of, 729. 
injection of extracts of, 724. 
nerve supply, 730, 
nor-adrenaline, 723, 729, 
secretion of, and blood pressuro, 734. 
centre controlling, 730, 
continuous, 731. 
in exposure to cold, 480, 733. 
hypoglyosomia, 916. 
physical and emotional stress, 
732, 960. 

methods of demonstrating, 729. 
regulation, 731. 
sino-aortio nerves and. 734. 
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Adrenal medulla, splaiiohnio nerve and, 730. 
structure of, 943, 

tumours of (phajochromocytoma), 734. 

Adrenalectomy, 945. 

Adrenaline, actions of, 724 

annulled by ergotoxine, 729. 
anti-curare action, 727. 
ephedrine on, 510, 729 
in man, 725 

on adrenal cortex, 728, 950. 
basal metabolism, 380, 726. 
bladder, 767. 
blood, 727. 
blood pressure, 724. 
blood sugar, 727, 857. 
bronchioles, 409, 727. 
capillaries, 321. 
coronary arteries, 237. 
eosinophil count, 951, 962. 
eye, 724. 

after extirpation of superior 
cervical ganglion, 616, 729. 
gall bladder, 801 
heart, 274, 282, 726. 
kidney, 728. 

Hver, 727, 857. 
pituitary, 728, 931. 
respiration, 404, 725, 
skeletal muscle, 521, 727. 
spinal cord, 728. 
sweat glands, 481. 
white cell count, 952. 
amine-oxidase and, 510. 
apnoea, 725. 

as sympathetic transmitter, 510. 

biological tests for, 729. 

chemistry of, 729. 

for hypoglycaemia, 916. 

glycosuria, 727. 

in exercise, 732. 

potentiation of, 729. 

site of action, 728. 

synthesis, 883. See Nor-adrenaline. 

Adrenergic nerves, 508. 

Adrenocorticotrophio hormone (adrenotro- 
phin), 478. ACTH. 

Adrenogenital syndrome, 966. 

Aerotonometer, Krogh’s, 367. 

Afferent nervous system, 647-582. 

Afferents, visceral, 736-766. 

After-discharge, 626, 539. 

After-potential in nerve, 489. 

Age, and metabolic rate, 378. 

Agene, poisoning, 1069. 
relation to methionine, 1059. 

Agglutination of red cells, 176. 

Agglutinin, 176. 

Agglutinogen, 176. 

Agnosia, 652. 

Agranular cortex, 614. 

Agranulocytosis, 221. 

treatment of, 220. 


Agraphia, 654. 

Air hunger in diabetic coma, 926. 

Alactic acid debt, 439. 

Alanine, 876. 

Alanyl histidine (carnosine), 427 

Alarm reaction, 961, n. 3. 

Albumin in plasma. See Plasma proteins. 

Albuminuria, 28, 95, 113. 

Alcaptonuria, 890. 

Alcoholic cirrhosis of liver, 869. 

Alcoholic neuropathy, thiamine for, 1036. 

Alexia, 665. 

Alimentary canal, nerve supply of. 910. 

glycosuria, 928. 

Alkalsemia, 90. 
blood calcium in, 1007. 
compensations for, 91 et seq, 
effect on breathing, 94, 397. 
on heart, 236. 
kidney, 94 et seq. 
respiratory quotient, 374 
from high temperatures, 404. 
overventilation, 99, 406. 

Oa lack, 400: 
pathological, 99 et seq. 

symptoms of, 101. 
tetany from, 99, 106. 
treatment of, 101, 408, 1007. 

See Blood, reaction of, pathological. 

Alkali reserve, measurement of, 90. 

Alkaline tide, 99, . 

Alkalosis, 90. 

AUantoin, 897. 

AU-or-none law, in heart, 235. 
in muscle, 505. 
nerve, 489. 

Allocortex, 613. 

Alloxan, poisons islets of Langerhans, 910 

Alternate p-oxidation, 871. 

Altitude, high, and oxygen lack, 400. 
flying at, 443, 446". 

Alveolar air, 363. 

at high altitudes, 400. 
collection of, 364 
composition of, 364. 
dead space determination from, 365. 
during gastric secretion, 398 
pancreatic secretion, 397, 
periodic breathing, 406. 
shallow breathing, 447. 
sleep, 103, 405. 

effect of ammonium chloride on, 397. 
of diet on, 397. 

excess OOj in inspired air on, 394. 
oxygen Ia(^ on, &0. 
following hyj^rpnoea, 406 
gas tensions in, 367. 
in achlorhydria, 398. 
aoidsemia, 101, 397. 
alkalssmia, 100, 397. 
diabetes mellitus, 100, 102, 397, 
456. 
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Alveolar a!r, in omphysi'mn, 

oxtt^rnal boat, -iOT, 47S. 

Ju'art- taiinn*. J5tK 
ni'phriijH, 77» 4>>Vi, 

starvation, tUU, 
urannia, 77, 

r<*laUt>n oi‘ pulnumary vontilatioti (<», 
\VM. 

to nriorini a<i7. 

CO jHusuning, •ttO. 

Alveoli, rato <ltrou^»h, .'ItUK 

gastMUiH inton'hnnj^os in, HtUJ, 
struoturn ot, IMM, 
uinujnal vontilatiou, 447. 

Amenorrhooa, tltiriiut lartatiiui, ltKV>. 
gotuuloirophin troatinnnt of, U)HO. 
<nHt.rup‘n troat.mont of, U18«, 
ovarian luirinono tn'atmotit t»f, I<t74. 
Anunatior» of aon-nitrt^pMnmH ro.si(iu«*H of 
aininooii’itlH, HHrn 
AniiutvoxklaH<», OlO, 72U, 

iuhibitod hy ophtalrino, r»U). 
Aruino-aoul oxiaams HH5, 

Amino-aclds, almorption of, H7i>, 
after hepateetoiny, 825. 
arnination <jf non-iiitrogonoiiH r('«i<iueH, 
H«5, HBO. 

anmionia formation, 8B5. 
aromatio, BH2. 

fatr» of rc-widueH, 800. 
tumverUHl into blood ghn'Otto, 857, 888, 
doammation, oxblativo, 880. 
ciyuamb^ oquilibriwin, 870. 
oHHoniial (indi«pon«nblo), HHl, 1051. 
rolatitm ti» nitnigoiuniH oquilib- 
rittm, 003. 
fato <jf. 885. 

glycine, 880. 
formtdm of, 870-878. 
giucogonio, 8H7. 
in <liabtd;<^N, 024. 
intcr-rclalionH of, 880, 
in urine, 805, 

in Fanconi Myndnnuo, 805. 
kctogeni<r* 887, 
liver and, 825, 880. 

uon-mtrogcnotirt rcHiducs, fato of, 887. 
pool, 870. 
rcHi<lucH, 880. 

Hf ascitic r61<sH of, 882. 
Hnl})hur-(a}ntaining, 882. 
tranHaininati<m, HHtb 
turnover, 870. 
urea formation (//.c.), 880. 
utilization, 880. aS 7.:<; 1 Votein. 
Amino-bonzoio acid, thyroid dofickmcy 
from, 080. 

Ammonia formation from amiuo-acidH, 
885. 

of urine and blood reaction, 07. 
Ammonium chlorule, addtemia from, 08, 
dyspnoea from, 456. 


Amorphous fractitsn of adrenal corbos 
05S, OtiO. 

Amylase, 700, S,*ta, 

Anacrotic pulse, 262, 

Anmmia, absent in pure viUimln-O defi. 
cieu(*y, 1040, 
nchlorhytlria aTul. 107. 
anoxia from, 448, 
aplastic, 104, 
ctipper and, 104,218, 
extrinsic factor and, 200. 
iuematinic principle and, 108. 
luemolytic umemias, 171. 
luemorrhagic, 85, 
hypochromic, 168, 212. 
in bi<din deticiettcy, 1038. 
caloric dc6<4cmVt 1046. 
infants. 207. 
ir<»n deticicncy, 204. 
liver disease, liOt. 
pn»gnaucy» 206. 
scurvy, 104. 

Hprtie. 204. 

thiamine deticiency, 1031. 
thyroid detlciency^ 104. 
intrinsic factor ami, 200. 
liver tniatment of, 107. 
macrocytic, 168, 106. 
microcytic* 168. 

IHHrnickuw O/.e.), 106 
typim of, 168. 
ventriindin and, 203. 

Aniemic anoxia. AVc Anoxia. 

Analysers, 681, 
acoustic, 681, 
imtaneouH, 682. 

S ’ dteral, 550. 

y t»f, hy conditione<i dilTerentiation, 
081, 

visual, 682. 

Anaphylaxis, 338. 

Androgens, actions of, on <q>ididyinis, 1102, 
on stH'ondary male sex (jharaoters, 
UU. 

seminiferous tubules, 1111. 
Hpt'rmH in epididymis, lUL 
aggravate prostatio carcinoma, 1117. 
androstano, 1076, 
androHt»eron<% 058* 050, 1076, 1110, 
clinical use of, 1082, 11 11. 

for carcinoma of brciist, 1082, 
eunuchoidism, 1U2. 
menorrhagia, i()vS2. 
in tMlrtHual (>ortex, 067. 

virilizing ovarian tumours, 1110. 
iso-dchydfo-androsterone, 1 1 10. 
maacuhnizing action, 1082, 1083. 
methyl t<^stotorone, 1111. 
seorotion of, U04. 
struettiro of, 1076. 
testosterone, 1110. 
propionate, lUl. 
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Androgens, useless or simple prostatic 
hypertrophy, 1117. See Testis. 
Androstane, 1076. 

Androsterone, 958, 959, 1076, 1110. 
Anelectrotonus of nerve, 488. 

Aneurin, 1025. See Thiamine. 

Angina of elfort, 752. 

Angina pectoris, 736, 748, 749, 750, 751. 
Angiotonin, 349. 

Angular stomatitis, 1031, 1034. 
Anhydrjemia, 4, 109. 

Ankle clonus in pyramidal lesions, 644. 
Anovulatory menstrual cycle, 1072. 
Anoxaemia. See Anoxia. 

Anoxia, % 442. 
at high altitudes, 400. 
acclimatization to iq.v.)^ 400, 445. 
alkalaemia from, 400, 445. 
ansemic, 448. 

in haemorrhage, 82, 85, 311. 

pernicious anaemia (q.v.), 196, 449. 
poisoning with CO, 449. 
poisoning with drugs, 449. 
anoxic, 446. 

from alteration of alveolar epithelium, 
447. 

shallow breathing, 447. 
in abnormalities of heart and blood 
vessels, 448. 
collapse of lungs, 448. 
emphysema, 459. 
heart failure, 448. 
lobar pneumonia, 448. 
oedema of lung, 448. 
cerebral, from O 2 excess, 403. 
cyanosis from, 444, 452. 
delayed effects of, 444. 
dyspnoea from, 456. 

effects of, on circulation, 236, 274, 282, 
399, 444. 

on coronary circulation, 237. 
digestion, 444. 
nervous system, 442. 
respiration, 398, 402, 444. 
spleen, 226. 
in stratosphere, 446. 
histotoxic (isohsemic), 450. 
mechanism of action, 402. 
periodic breathing in, 464. 
stagnant, 450. 
types of, 446. 

Anoxic anoxia, 446. See Anoxia. 
Antagonists, 649. ^ rr . i i. 

Anterior horn cells. See Ventral horn 
cells. 

Anti-cholinesteiases, 509. 
action on skeletal muscle, 515. 

on spinal cord, 531. 
chemicai constitution, 510. 
for myasthenia gravis, 518. 
tertiary and quaternary, 510. 

See Eserine. Prostigmine. 


Anticoagulants, 143. 

Antidiuretic hormone, 45, 51. 
and ascites, 822. 
in urine, 1090. 
secretion of, 51. 
clinical test of, 55. 
emotions and, 51. 
plasma osmotic pressure and, 51. 
salt deprivation and, 55, 

Salt excess and, 54. 
water deprivation and, 54. 

See Pituitary. 

Antidromic stimulation, vasodilatation 
from, 308, 721. 

Antigen, 338. 

Antigravity muscles, 584. 

Antiperistalsis, 806, 810, 813. 

Aorta, pressure changes in, 260. 

Aortic body, 738, 745. 
nerve, 735. 

relation to adrenaline secretion, 734. 
to blood pressure, 311, 315, 739. 
heart rate, 272, 739, 
respiration, 404. 
section of, 272, 311. 
stimulation of, 315, 739. 
regurgitation, 297. 
blood pressure in, 297. 
capillary pulsation in, 299. 
collapse of pulse in, 298. 
comparison with arterio - veiioua 
aneurysm, 298. 
coronary circulation in, 299. 
water hammer pulse, 298. 

Aphasia, varieties of, 655. 
a^phia, 654. 
alexia, 655. 
cortical, 655. 
jargon, 656. 
motor, 655. 
nominal, 656. 
semantic, 656. 
syntactical, 666. 
verbal, 656. 
word blindness, 655. 
deafness, 655. 

Apneusis, 386. 

Apneustio breathing, 386. 
effect of anoxia on, 403. 

CO 2 on, 395. 

produced by injury to respiratory 
centres, 391. 

Apnoea during swallowing, 406. 
from CO 2 lack, 406. 
injection of adrenaline, 404, 725. 
raised blood pressure, 404. 
voluntary hyperpnoea, 406. 
periodic breathing after, 407. 
Apoenzyme, 840. 

Apoferritin, 187, 2(H. 

Appendicitis, pain in, 764. 

Appendix, sensibiliiy 764. 
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juu'^s 678, 777. 

652, 655, 

AqutHliK^ttia 8ylviilcorobrnl tuimKhu^tj, 121. 

ulmtruotiort of, 120. 

Aquooim humour, formation, 8. 

Arachnoid villi, 125. 

Area vasculoHa, 100. 

ArginaHO, 887, 

Argitiino, 877. 
crcritimi Hynt.hc.siH, 895. 
urea formation, 887. 

Argyll Robertson pupil, 579. 

AriboilavinoNiH, 1051, 

Arm Hwinging, 052. 

Arrcctorcrt pili, ncrvi'' 8up[>ly ()f, 709. 
Arterial blo<ai, gun ttumionH in, 507, 409, 
414. 

-vonotiH oxygtm <iifTcrcm*o, 415. 

Arteries, peripheral, semsory supply <»f. 
758, n. 2. 

Arterioles, action of timw extraets on, 
517. 

atljusttHl to local iieedH. 510. 
dilator fibr<*H to, 508. 
elTeets of Hympathectotny, 500. 
iti hypertennion, 554. 
nervous control <if, 505 d wv/, iSVc Blood 
pressure. 

Arterio>‘V(m<»uH anastomosis, 517, 
amnirysm, arterial pluuiomena in, 298. 
ArtiUciat respiration, 581, 

Bragg- Pan I nu^thod. 582. 

Drinker's method, 582. 

Eve’s rocking metlusl, 581, 

Schafer's method. 581, 
Aschhelm-Zondek test for pregnanoy, 1089. 
Ascites, adrenal eorti<‘oidH ami. H25. 
antidiuretie hormone and. 822, 
in cardiac failure, lU, 825, n. 2, 
nephrosis, 113, 825, n. 2* 
meat <Het on, 822. 
portal vein pn^sstire in, 822. 
sertun albumin and, 822. 

Ascorbic acid, 1038. *SVe VitumindA 
in adrenal cortex, 944. 

Asparagine, 877. 

Aspartic a(?id, 877, 

Asphyxia, adr<maline secretion in, 751, 
djrspnma from. 454. 

AsBunilatio*!, 84 0. 

Associated reactions (movements), 643. 
Asthenia in cerebellar tiisetwe, 810, 

Asthma, 409, 
adrenaline for, 727. 
anoxia in, 448, 

conditioned reilexes and, 078, 
dyspnoea in* 457. 
thymio, 1017, 

Asynchronous discharge of ventral horn 
colls, 392, 501, 585. 

Asynorfeia in cerebellar lesions, 610. 

ATIO (<lihydrotachyatorol), 1005, 


Ataxy in i'<u*elM4Iar lesions. 612. 
in dorsal root h^stons, 560, 
sensory eortiral lesions, 570. 
tahes.*562. 
thalunu<' h^sions, 567. 

Athetosis, 660. 

AthromboeyloptMtie purpura, 159. 

Ai<»nia in e<*rebellur lesions, 6(tH. 

Atresia of (Jraatian follicle, 1065. 

Atrophi<' rhinitis, <eslnig(*n for, 10,82. 

Airti|>ine, netioji on heart. 270, 2vS2. 
fdTeet on ai’etylt‘hoUne action, 718. 

S.A, block, 282. 
imale of action, 720. 

Altitudinal retlexes, 590. 

Auditory centre, 572. 
patli, 572. 

psyeiue centre, 572, 653. 
spctsdi centre, 572, 655. 

AVe Hearing. 

Auerbach's plt^xus, 714. 

Auricle, ciretis movtunent in, 291. 
eonei^rtina action of, 259, 
iumduetion rate in, 247, 
extra-systoh'H in, 287. 
tibrillntion of, 295. 
tiutter of, 292. 

gem'rnl propi'rties of (ibrt's of, 235, 
iti heart Idoek, 282 et m/, 
mitral disease, 297. 
m*vv rhytlun i’cntres in, 286. 
mnlal rhythm, 286. 
partially refractory state in, 290, 
pressufi^ i'hanges in, 258. 
relation to P wave, 245. 

to jtigular pressure waves, 259. 
response U) rapid stimulation, 290. 
ring exj)Cinment, 291. 
spread of impulse in, 245. 
stimulation t>f vagus anti, 208 
H^ystole <»r, 258, 

Attricular coinple.t, 247. 
sound, 26<b 

Auricular fibrillation, 293, 

intravasetdar clotting in, 148. 

Auricular flutter, 292. 

Auricular (venous, Bainbridge) reflex, 273 
in exercise, 273, 
heart failure, 275. 

set tip iiuring vagal stimulation, 270 

Aurloulo-ventriouiar node, origin of cardiac 
impulse in (nodal rhythm), 
286. 

prop<?rties of fibres of, 234. 
structure of, 234. 

Auriculo-ventrieular ring, movements of, 
257. 

valves, 256 H mi. 
disaases of, 296. 

exporimontal inooinpctence, 296. 

Auschwitas, German extermination camp, 
1060. 
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Auscultatory method of determining blood 
pressure, 300. 

Auto-intoxication, intestinal, an “entero- 
myth,” 817. 

Autonomic nervous system, 704. 

acetylcholine and {q.v.), 523, 718. 
adrenaline and (?.«•), 510, 722. 
afferent visceral neurones, 735. 
atropine and, 720. 
brain stem, control of, 716. 
chemical transmitters of, 510, 523. 
classification of, 707. 
cortical control of, 671. 
cranial autonomic system {q.v.), 712. 
general arrangement of, 704. 
higher control of, 716. 
hypothalamic control of, 716. 
nicotine method of investigating, 
715. 

parasympathetic system, 707. 
relation to somatic nervous system, 
765. 

sacral autonomic system {q.v.), 712 
sympathetic system {q.v.), 707. 
Avidin, 1038, 

Axon reflex from skin, 323. 

set up by injection of histamine, 
323. 

Axoplasm, 482. 


Babinski’s sign, after trans-section of cord, 
692, 

in infants, 692. 

P 3 n‘amidal tract lesions, 641, 645. 
sleep, 686, 

Baillarger, line of, 613. 

Bainbridge (venous, auricular) reflex, 273. 
Barany’s test, 601. 

test for disease of semicircular canals, 
601. 

Basal metabolism, action of adrenaline on, 
380, 726. 

pituitary hormones on, 380. 
thyroxine on, 379, 977. 
body temperature and, 398. 
determination of, 376. 
external temperature on, 379. 
sleep on, 685. 
factors controlling, 378. 
in caloric deficiency, 1047, 1048. 
exophthalmic goitre, 379. 
heart failure, 380. 
heat stroke, 479. 
hypopituitarism, 931. 
leukaemia, 380. 
myxcedema, 379. 
nephrosis, 114. 

Simmonds* disease, 931. 
starvation, 378. 
tropics, 379. 
relation to age, 378. 


Basal metabolism, relation to body weight 
378. 

breathing, 375, 393. 
sex, 378. 

surface area, 378. 

See Metabolic rate. 

Basilar membrane, 573. 

Basophil leucoeyt^, 214. 

punctation, 165. 

Belsen camp (1946), 1050. 

Bends, in decompression sickness, 425. 
Benedict-Roth apparatus, 375. . 
Benzoylglycine, 828. 

Benzoestrol, 1078. 

Berger (alpha) waves, 625. See Electro- 
encephalogram. 

Beii-beri, 1031, 1032, 1035. 
clinical forms, 1036. 
oedema in, 1036. 

Beta-hydroxybutyric acid, 869. See 
Ketones. Ketosis. 

Betaine, lipotropic action of, 867. 

Beta oxidation of fat, 870. 

Betz cells, 613. 

Bicarbonate, as alkali reserve, 90, 415, 421. 
buffering action of, 92, 420. 

CO 2 carried as, 93, 415. 
content of intracellular fluid, 6. 
plasma, 6. 

excretion in urine, 76, 96. 
in cerebrospinal fluid, 119. 
of blood, 28, 90 et seq., 414. 
dissociation curve ofi 417. 
effect of haemoglobin on, 418. 
in acidaemia, 101. 
alkalaemia, 101. 

aspiration of gastric contents, 106. 
diabetes mellitus, 102. 
diarrhoea and vomiting, 101. 
exercise, 440. 

intestinal obstruction, 108. 
nephritis, 76. 
pyloric obstruction, 105. 
salt deprivation, 107. 
starvation, 103. 

permeability of cell membranes to, 7 
tetany from ingestion of, 1007. See 
Carbon dioxide. 

Bile capillaries, 819. 
cholesterol of, 789. 
composition of, 105, 797. 
ducts, obstruction of, 804. 
fistula, 806. 

flow and storage of, 800. See Gall- 
bladder. 

in gall-bladder, 797. 
pigments, 188, 797. See Bilirubin, 
srfte, 797, 798. 
action on gall-bladder, 801, 
lipase, 862. 

and fat absorption, 864, 
iron absorption, 208. 
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Bile saltS) and secretion of pauoieatic 
juioo, 791, 

vitaniiu-A' abnorption, 152. 
hilo aoid-faity acid complex, 8<>5. 
cboinirttry ofj 798, 
cholagojj;uo action of, 79S, 8(H). 
circ\ilution of, 798. 
hydrotropic action, 8(>;{, 
iniluenoe of diet on, 798. 
r61o in ititcvstirus 798. 

Bile, secretion of, 8(50. 

biUi Halts and, 800, 

Hccrctin an<l, 792. Acr Liver, 
Bilirubin, chennstry, 188. 
forjnation of, 188. 

after total hepatootoniy, 188. 
in bile, 797. 

in blood, in jamidicfs, 190. 

in pornicionH anaemia, 1915. 
renal threshold for, 198. 
roticulo-endotholial ( macrophage) Hyntein 
and, 188. 

van den Bergh’a tent f(»r, 189, 

Biliverdin, I9;5, 797, 

Biotin, 1020, 1028. 
carboxylase reactioiiH and, 1028, 
deficiency in man, 1098. 

Birth control, 10(50. 

Bladder (urinary), 707. AVc IVU(H.urition. 
Bleeding time in purpura, 157, 
in Bcurvy, 1040. 

Blood, 1040. 
aHcorbic acid of, 1099. 
amino-acid of, 

bicarbonate of ((/./>.), 28, 90 H m/., 415. 

calcium of. Calcium. 

cells of. aVcs H(‘d blood corpUHohss. 

White blood corpuHcle.s. 
chloride of, tfJK 
choleBterol of 9;.^\), 799, 8(55. 
chylomicrouH in, 8(59. 

Blood, coagulation of, 199 1(50. 
adrenaline on, 727. 
after liver injury, 159* 
blood platelets and, 155, 159. 
cephalin, 142. 
fibrinogen, 140, 825. 
bepariti, 144, 
in iuemopbilia, 150. 

hfcmorrhagie stHti^H, 157. 
obstructive jaundice, 152. 
purpura, 157. 
ulcerative colitis, 159. 
intravascular, 147. 
menstrual blood, 1072. 
post-operative, 149. 
prevention of, 149. 
by citrate, 140, 
diooumarol, 154. 
heparin, 144, 147. 
hirudin, 145. 
oxalate, 140. 


Blood, coagulation of, provontion bv 

pepton<\ 145. ^ 

prothrombin, 141, 825. 
rdle t)f calcium, 140. 
thrombin, 141. 
thromboplastiuH, 142. 
tissue extracts and, 142. 
vitamiii-A’ (q.r.) and. 151 
(Viagulation time. 

Blood, crciitim^ of, 899. 
creatinine of, 28, 72. 
fat of, 8(55. 

gas analysi.M apparatus, 410. 

Blood How, regulation. 91(5. 
to ai*tivtH tissues, 20. 
to organs, measurement of, 280, 304 
Blood, gas pressures in, 9(57. 

Blood glucose. *Vcc 01m‘ose in blood. 

Blood groups, 17(5. 

ABO factors, 17(5. 
determination of, 177, 
inheritancii of, 179, 189. 

MN factors, 184. 
racial distribution, 17(5. 

Rhesus factor. 178. 
lactic a<ud of, 1090. 
hu’ithin of, 8(55, 

oxyg(in carriage In. A'ce Oxygen. 

Blood, phosphate of. AV-c RhoHj)honis. 

Blootl plasma, constituents of, 28. See 
Blood. Plasma and individual 
constituents. 

Blood platelets, 155. 

after sphmectomy, 155. 
destruction of, 155. 
functions of, 15(5. 
in haunophilia, 150. 

hypersplenism, 15(5, 229. 
pur}>ura, 159. 
origin of, 155. 

relation to blood clotting, 142. 

Blood, potassium of, 28, 79, 970.<S^c(!Potassiuui. 

Blood pressure, 900 > 9 18. 
aeetylidioline on, 718, 
adenylic add on, 917. 
adrenal and, 914, 794, 
adrenaline on, 724. 
afferent lU'rves on, 911 vt fieq., 738. 
after section of sino-aortic nerves, 311 , 
945. 

sympathectomy, 916. 
tmns-scetion of spinal cord, 303. 
of medulla oblongata-, 303, 1118. 
analysis of records, 111 8. 
aortic nerve and, 911, 738, 744. 
blood veloeity and, 309. 

viscosity and, 909, 
capillary. iSee Capillaries, 
carbon dioxide in olood and, 309. 
carotid sinus and, 311. 
cerebral anaemia and, 311. 
control of, 314. 
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Blood pressure, coronaiyoiroulation and, 237. 
diastolic, 301. 

elasticity of arteries and, 262, 302. 
graphic recording, 301, 1119. 
haemorrhage on, 82. 
heart beat and, 1119. 
heart output and, 274, 302. 
higher centres and, 309, 671. 
histamine on, 336. 
hypertensin (angiotonin) on, 350. 
hypothalamus and, 716. 
in active organs, 20. 

Addison’s disease, 957. 
aortic regurgitation, 297. 
arterio-venous aneurysm, 298. 
cerebral haemorrhage or tumour, 311. 
coronary occlusion, 239. 
essential hypertension, 353. 
exercise, 316, 435. 
injuries to kidney, 357. 
ischaemic hypertension, 345. 
latent uraemia, 74. 
mitral regurgitation, 296. 
phaeochromocytoma, 734. 
raised intracranial pressure, 311. 
renal disease, 74, 75, 77, 345, 357. 
sthenic uraemia, 77. 

“ surgical ” kidney disease, 358. 
traumatic shock, 339. 
mean, 237. 
measurement of, 300. 
normal findings, 301. 
oxygen lack and, 310. 
peripheral resistance and, 302. 
pituitrin and, 46. 
pulmonary, 307. 
pulse pressure, 301. 
regulation of, 314. 
renal secretion and, 353. 
renin and, 349. 

respiration and, 302, 309, 313, 1119. 
respiratory centre and, 313. 
sinus nerve and, 738, 744. 
spinal cord, stimulation of, 1119 seg_, 
splanchnic nerve and, 315. 
systolic, 301. 
tissue extracts on, 317. 
vago-pressor reflex and, 316. 
vagus nerve on, 268. 
vasomotor centre and, 303. See 
Hypertension. Hypotension. 
Vasomotor centre, 
venous, 318. See Veins, pressure in. 

Blood, protein of. See Plasma proteins, 
pyruvic acid, 1030. 

Blood, reaction of, 89-103. 

action on blood vessels, 317, 320. 
ohemoreceptors, 745, 746. 
respiratory centre, 94. 
constancy of, 91. 
definition of terms, 89. 
effect of ammonium chloride, 98, 102. 


Blood, reaction of, effect of bicarbonate 
ingestion, 101. 
breathing, 101. 
exercise, 103. 
gastric secretion, 99, 398. 
hyperpnoea, 101. 
meals, 99. 
meat diet, 99, 397. 
oxygen lack, 400. 
pancreatic secretion, 99, 397. 
raised temperature, 478. 
sleep, 153. 
vegetable diet, 398. 
measurement of, 90. 
pathological, 99 et seq. 
in anoxia, 400. 
asph5rxia, 103. 
diabetes, 102, 924. 
diarrhoea and vomiting, 101, 
108. 

emphysema, 460. 
heart failure, 103. 
intestinal obstruction, 108. 
methyl alcohol poisoning, 102. 
morphine poisoning, 103. 
nephritis, 77, 103. 
pyloric obstruction, 105. 
starvation, 103. 
tetany, 1007. 
pH, 89, 420. 

regulation of, physico-chemical, 91. 
chloride shift, 93, 420. 
relation to breathing, 94, 396. 
rOle of bicarbonate, 90 et seq,f 420. 
haemoglobin, 93, 418. 
plasma proteins, 93, 418. 
regulation of, vital, 94. 
ammonium mechanism and, 97. 
kidney and, 94. 
respiration and, 94, 393. 

See Acidaemia. Alkalaimia. H+ion 
concentration. 

Blood, sodium of. 73. See Sodium. 

Blood, sulphate of, 28. 
thiamine in, 1030. 
transfusion of, 86, 181. 
urea of, 71. See Urea in blood, 
uric acid of, 73, 898. See Uric acid. 

Blood, velocity of flow, 262. See Circulation 
time. 

vessels, sympathetic supply 709 et seg. 

See Arterioles. Blood pressure, 
viscosity of, 135, 303. 

Blood, volume of, 79-87. 

distribution in organs, 80. 
effect of blood transfhsion, 86, 
haemorrhage, 81, 
histamine, 337. 
plasma, 86. 

saline drinking, 62, 81. 
saline, intravenously, 59, 81- 
salt deficiency, 64, 81. 
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Blood, volume of, clToct of salt cxross, 
02, 81. 

sweating, 408, 477. 
wato (Irinlvinpf, 55, 81. 
in iulronal iimuOicioncy, 87. 
nnauniaH, 87. 
burnwM, 844. 
diabotoR, 87. 

\mxvt failure, 87. 
intoRtinal obstruction, 108. 
polycytiuninia, 87, 
pyloric obstruction, 105. 
renal disease, 8(). 
traumatic sboede, 87. 
undernutrition, 1040. 
kidney and, 21, 80. 
measurement, 9 et seq. 
normal values, 80. 
regulation of, 80. 
spleen and, 226. 

Body fluids, 4. 

elVects of adrenal cort(^x on, 945. 
cortisone on, 902, 
saline ingestion, 02, 
saline injection, 00. 
water drinl;iiig, 50. 
composition, 5. 
exchanges, 0, 17. 
in Addison’s disease, 955. 

caloric dcOcieucy, 1047, 
volume, 9-11. 

Body righting reflexes, 593. 

Bond energy, 841. 

Bone, 1000”. 

alkaline phosphatase and, 1000, 1002. 
effect of adrenal cortex on, 902, 900. 

anterior pituitary on, 030, 934, 935. 
cortisone on, 962. 
parathormone on, 1004. 
thyro.xino on, 979. 
vitamin- A on, 1024. 

-0 on, 1042, 1043. 
on, 1011. 

growth curve of, 942, 
in acromegaly, 935. 
cretinism, 986, 

Cushing’s syndrome, 966, 
gigantism, ’934, 
hyperparathyroidism, 1008, 
hyperthyroidism, 991. 
hypopituitarism, 930, 940, 
osteomalacia, 1012. 
rickets, 1010. 
scurvy, 1043. 
marrow, 160. 

bilo pigment formation in, 188, 
blood vessels, 162. 

development of blood platelets in, 165* 
of reel blood cells in, 160 et aeg, 
white blood cells, 215, 
distribution, 160. 


Bone marrow, of luematinic prinoiDle 
on, 198. ^ 

of iron on, 213. 

leucocyfc<)sis-[)roducing factor on. 
221 . ' 
nccrosin on, 223, 
nucleotide on, 220. 
in agramdocytiosis, 221. 
aplastic aiuemia, 194. 
inflammation, 222, 
pernicious atuetnia, 196. 
thiamine (l(4ici(mcy, 1031. 
relation to rcticulo-ondothelial system 
187 

stimulated by anoxia, 194. 
study of, 103, 

Uotulinus toxin, 517. 

Bragg- Baul method of artificial respiration, 
382. 

Brain, action of hypoglycjcmia on, 915. 
of thiamine on, 1026. 
blood flow to, 305. 
blood vessels »)f, control of, 306. 
metabolism of, 492, 

ventricles of, 118 d wq. Sec Cerebral 
corttnv, etc. 

Brain stem, anatomy of, 690. 
local Ujsioiis of," 704. 
trans-section of, 583. 
tumours of, 704. 

Bread, 1057. 

extraction rate of flour, 1058, 
foriilied, 1058, 1003. 
structuro of wheat grain, 1057. 

Breast. See Mammary gland. 

Breathing, adrenaline on, 404. 
afferent nerves and, 404, 405. 
aortic nerves an<l, 404. 
apmmstie, 380, 391. 
blood proHRuro and, 83, 313, 404. 
capacity, maximal, 455. 
carboti dioxide and, 394. 
carotid Rinus ami, 404. 
cerebral blood supply and, 404. 
Oheyno-Stokes, 464. 
climatic conditions and, 403. 
drugs on, 745. 

effect on blood pressure, 310. 
heart rate, 271. 
pulmonary bed capacity, 313. 
vasomotoV cetitre, 303, 313. 
venous pressure, 319. 
venous return, 313, 
hannorrhage on, 83, 404. 
higlior centres and, 405, 

ion concentration of blood and, H, 
303, 396. 
in o-xoroise, 389. 

inhibited during deglutition, 405. 
in sleep, 405. 
mechanism of, 391. 
raotabolio rate and, 375, 393, 
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Breathing, oxygen excess and, 403. 
oxygen lack and, 398. 
periodic, 400, 406, 408. 
regulation of, 384, 393. 
reserve, 465. 

respiratory centres and, 384. 
resuscitation, 383. 
rhythmic, 390. 

temperature and, 403, 466, 478. 
vagus and, 386 et seq, 
voluntary hyperpnoea on, 406. 
venous pressure and, 273, 404, 461. 

See Alveolar air. Anoxia. Basal 
metabolism. Carbon dioxide. 
Dyspnoea. Respiratory centre. 
Brissaud type, 941. 

Broca’s centre, 653. 

Bronchioles, action of adrenaline, 727. 
histamine on, 338, 409. 
pituitrin on, 47. 
in asthma, 409. 

nerve supply, 409, 709, 714, 1122. 
respiratory, 363. 

Bromsulphthalein excretion test of liver 
function, 830. 

Brown-S4quard syndrome, 695. 

Brunner’s glands, 776, 792, 796. 

Buerger’s disease (thromboangiitis ob- 
literans), 361, 751. 

Buffer nerves, 272, 311. See Aortic nerve. 
Carotid sinus, 
substances, 91. 

Bulbar outflow, 707. 

Bulbo-urethral glands, 1103. 

Bundle of His, anatomy of, 234. 

block of, 282. See Heart block, 
conduction in, 235, 246, 248. 
division of branches of, 235. 
general properties, 234. 
in fibrillation, 294. 
in fiutter, 294. 

relation to P-R interval, 248. 
stimulation of vagus and, 268. 
Bums, results of, 344. 

Butler’s solution, 971. 


Caisson disease, 426. 

Calamus soriptorius, 697. 

Calciferol, 1009. 

Calcium, absorption of, 997, 998. 
action on ganglion cells, 1004. 
heart muscle, 236. 
nerve fibres, 1004, 1005. 
clotting of blood and, 140. 
of milk and, 1001. 

excitability of nervous system and, 1004 
et seq. 

excretion of, 999. 
in blood, 28, 998. 

control of. See Parathyroid. 


Calcium in blood, diffusible, 998. 

dihydrotachysterol (ATIO) and, 
1006. 

hypercalcsemia, 999, 1006. 
hypocalcasmia, 999, 1007. 
in alkalsemia, 1007. 
indiffusible, 998. 
in hyperparathyroidism, 1008. 
hypervitaminosis-D, 1012. 
nephritis, 74. 
osteomalacia, 1012. 
parathyroid deficiency, 1004. 
rickets, 1010 
tetany, 1004, 1007. 
parathyroid hormone '- and, 1003, 
1007. See Parathormone, 
plasma proteins and, 140, 999, 
reaction of blood and, 1007. 
relation to seram P, 999. 
vitamin-D and, 1011. 

Calcium, for parathyroid deficiency, 1006. 
functions of, 1000. 
in cerebrospinal fluid, 119. 

foodstuffs, 997, 1052-1054, 1056. 
milk, 997. 
metabolism, 997. 
ossification of bone and, 1000. 
requirements, 1000. 
sources of, 997, 1052-1 054.' 
teeth and, 1013. 
tetany and, 1007. 
thjToid and, 979. See Bone. 

Calorie, definition of, 376, n. 1. 

Calorie requirements, 1043. . 

value of foodstuffs, 1052-1064. See Diet 
Canine hysteria, 1059. 

Capillaries, 319-330. 
action of adrenaline on, 321. 
of cold on, 328. 

dorsal nerve roots on, 309, 323. 

heat on, 20, 327. 

histamine on, 309, 325, 326, 33'^. 

“ H ” substance on, 325 et seq 
light on, 328. 
metabolites on, 20, 320. 
pituitrin on, 46, 321. 

S athetic on, 320. 

> force o^ 322. 
hormone control of, 321. 
in cold blue skin, 321. 
independent contractility of. 319. 
in exerc se, 19, 320. 

hsemorrhagio telangiectasis, 159. 
purpura, 157. 
reactive hyperaemia, 329. 
scurvy, 10^. 
tissue activity, 19, 320. 
triple response, 322. 
warm pale skin, 321. 
nerve supply of, 320. 
penneability of, 6, 17-21. 
abnormal, 110. 
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Capillaries, permeability of, from btims, :M4. 
from luHtamino, 337. 
in (tuhIi injiirioH, 343. 
heart failures 111. 
herpeH, 301). 
inllammation, 222. 
injured Hkin (whe^al), 324. 
renal dlscaBO, 115. 
urticaria, 1 10. 
venous obstriieth>n. 111. 
pmssure^ in, 17. 

in inteHtirus 1 H. 
glomeruli, 25. 

pulsation, a phyaiologieNil plumomonon, 

200 . 

in aortic, rogurgitation, 201). 
relation to bleeding times 15(). ! 

to cyanosis, 451 . 
hiemostasis, 156. 
red lines 322, 
white Urns 

resistance of, in [)urpura, 157. 

in scurvy, 1040. 
skin colour, 321, 
structure of, 311). 

studic 5 (l with skin niieroacoins 158, 311). 
tone of, 320. , , . , 

Carbamino-luemoglobin (carbluemoglobin), 
1)3, 410. 

Carbohydrate, absorption of, 830. 
phosphorylation and, 830. 
rate of, 830. 
r6lo of cndocritioH, 830. 
vitamins, 837. 

state of mucous membrane and, H3(). 
as protein sparer, 1)03. 
caloric value of, 375. 
conversion into fat, 800, 874. 

of fat into, 874, 
digestion of, 834. 
dissimilation in tissues, 831), 810. 

citric (tricarboxylic) acid cycUs 851. 
decarboxylation, 850. 
glycogen or glucose to pyruvic 
acid, 847. 

lusxokinase reaction, 844. 
hydrogen and oxygen to form 
water, 852. 

pyruvic acid, fate of, 841). 
Pyruvic acid, 

uptake of glucose to form glucoso-0- 
pliosphato, 844. 
formation from protein, 857. 
in diet, 1056. 
food, 835. 
tissues, 839. 
metabolism of, 834-875. 
adrenal and, 727, 946, 
in diabetes mollitus, 910, 
skeletal muscle, 429. 
insulin and, 911. 
islets of Langerhans and, g,v. 


Carbohydrate metabolism of, liver and, 856. 
pituitary and, 937. 
thiamine and, 1026. 
thyroid and, 1)71). 
respiratory (juotient of, 373. 
sources of, 1052- 1054. 
storage <d’, 837, 831). Diabetes 

mt41itus. Ulucose. Glycogen. 
Insulin. 

Carbon dioxide, ami apnetisis, 395. 
assimikdion, 850. 
diHSulve<l in blood, 415. 
effect of excess, on breathing, 394. 
oti blood vessels, 310. 
eapillaries. 320, 
ehemorc(‘eptorH, 745. 
GheymvStokes breathing, 465. 
coronary arttu'ies, 237. 
dissociation of oxyluomoglobin, 
411, 413. 

heart output, 282. 
h(‘art rate, 274. 
r(*spiration, 394, 
vasomotor ccudre, 309. 
tdlects of lack of, 394. 
fixation, 1026. 

formation, mechanism of, 860. 
iti alveolar air, 364, 
in blood, amount of, 414. 

bicarbonate and, 1)1, 415. See Bi* 
carls mate. 

earbamino-haunoglobinand, 93,416 
carbonic anliydrase, 415. 
carriage, 414-425. 

<!l\loride shift and, 93. 
(lissociation curves of, 416, 421. 
distribution between plasma and 
corp\iscleH, 415. 
proteins and, 418, 
rdle of luemoglobin, 418. 
transport in body, 422. 
interchangcH in lungs, 367, 422. 
in [>lacenta, 1100. 
tissiics, 422. 

output, measurenuuit of, 372. 
solubility of, 366. 
tensioti of, in blood, 367, 414. 
in alveolar air, 364, 
tissues, 422. 
toxi<t action of, 395. 
velocity of dilfusion, 366. 

Carbon monoxide, allinity for hmmoglobm, 
441), 

ami tlisso(nation curve of hmmoglobm, 
450. 

poisoning, 449. 
elfcot on Bplcen, 226. 

Carbonic anhydraso, 415. 

Carboxylase, 850. 
reaction, 1026, 1028. 
biotin and, 1028. 
thiamine and, 1026. 
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Carcinogenic action, 1079. 

Cardiac centre, 270. 
failure. See Heart failure, 
ischaemia, 750, 751. 
murmurs, 267. 
oedema, 111 . 
sphincter, 806. 
achalasia of, 815. 

Cardio-accelerator centre, 270. 
Cardio-inhibitory centre, 270. 

Cardiometer, 256. 

Cardiospasm, 815. 

Caries, 1013, 1014. 

Carnegie experiment (moderate caloric 
deficiency), 1045. 

Camosine, 427. 

Carotene, relation to vitamin-^, 1020, 

1021. 

Carotenoids, 1021, 1022. 

Carotid body, 738, 745. See Chemo- 
leceptors. 

Carotid sinus, 736. 

action potentials from, 742. 
carotid occlusion on, 743. 
compression of, 740. 
denervation of, 744. 
hyperexcitable, 740. 
perfusion of, 741. 
relation to adrenaline apnoea, 725. 
to adrenaline secretion, 734. 
blood pressure, 311, 740 et aeq, 
heart rate, 272, 740 et seq, 
hyp)ertension, 311, 345, 744. 
respiration, 404. 
sleep, 766. 

Carpo-pedal spasm, 1005. 

Caseinogen, 1095. 

Castration, 1107. 

Catacrotic pulse, 262. 

Catalepsy, 659. 

Catelectrotonus at end plates, 508. 
in nerve, 488. 

Cations, active transfer, 8-9. 

exchange in stored blood, 7-9. 

Caudate nucleus, 656. 

and suppressor circuits, 621, 670. 
lesions of, 622. 

Cells, composition, maintenance of, 2. 

membrane, permeability of, 7. 

Cement substance in capillaries, 1043. 
Central excitation, 628, 532 et seq, 
inhibition, 528, 542 et seq. 

Cephalin, 861. 

and blood coagulation, 142. 

Cerebellum, 602-612. 
clinical disorders of, 608. 
connections of, 606. 
functions of, 606. 
irritative lesions of, 612. 
lesions of, adiadochokinesia, 611. 
asthenia, 610. 
asynergia, 610. 


Cerebellum, lesions of, ataxy, 610. 
atonia, 60S. 
attitude, 609. 

Barany’s pointing test, 609. 

compensation after, 611. 

decomposition of movement, 610 

deep reflexes, 610. 

dysmetria, 611. 

finger-nose test, 611. 

gait, 611. 

knee-jerk, 610. 

nystagmus, 609. 

speech, 611. 

spontaneous deviation, 609. 
static tremor, 609. 
unilateral, 608-612. 
relation to chorea and athetosis, 661. 

to posture, 607, 608. 
stimulation of, 607. 
structure of, 605. 
tumours of, 612. 

Cerebral ansemia, 731, 743. 

Cerebral blood flow (circulation), 305-307. 
adrenaline secretion and, 731. 
control of, 306. 
determination of, 305. 

based on arterial- venous oxygen 
difference, 306. 
m'trous oxide method, 306. 
direct study of, 306. 
hyperventilation on, 408. 
in exercise, 434. 
sleep, 685. 

O 3 excess on, 306, 403. 

Cerebral cortex, action potentials in, 568, 
615, 616, 624. 

“ resting ”, 617. See Electro- 
encephalogram, 
agnosia, 655, 652. 
agranular cortex, 614. 
aflocortex, 613. 
apraxia, 662. 
areas of, 612. 
area 4, 629. 

6 , 629. 

8 , 631. 

17 and 18, 637. 
auditory centre, 672. 
auditory psychic centre, 572. 
cell layers, of, 612. 
centre for smell, 582. 
taste, 681. 

cerebrobulbar fibres, 632. 
connections of, methods of study, 
615. 

electrical methods, 615. 
physiological neuronography, 616. 
Wallerian degeneration and chro- 
matolysis, 615. 
cortico-nuclear fibres, 631. 
cortico-pontine fibres, 631, 
cortico-reticular fibres, 623, 630. 
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Cerebral cortex, cortico-tbalamio fibres, 618, 
631. 

cytoarchitcctonics, 612. 
descending tracts, 629 et 
Eoonomo^s differentiated arotis, 614. 
elootroencophalogram (q,v,), 616. 
excitomotor regions of, 629, 630 et 
eeq, 

removal of, 639, 
stimulation of, 633. 
epileptiform response, 635, 637. 
in apes, 633. 
man, 637. 

eye movement centre, 631, 637. 
facilitation of movement, 635. 
fibre layers of, 613. 

frontal, excitable regions of, 631, 
637. 

tracts from 638. 
type, 614. 

general body sensation, 568. 
granular cortex, 568, 615. 
hippocampal region, 582. 
hypothalamus and, 630, 
intraoortical connections, 620, 669. 
isocortox, 613. 

Jacksonian fit, 637. 
methods of study, 615. 
motor area* 633, 
occipital lobe, 575, 579, 637. 
parietal lobe, 568, 615. 

typo, 614. 
polar type, 614. 
precentral motor cortex, 029. 
prefrontal lobes 668. 
pyramidal tracts, qjh 
reversal of movement, 035. 
somatic sensory, 568. 

action potentials in, 568. 
connections of, 568. 
lesions of, 569. 
stimulation of, 569. 
structtire of, 568, 615, 
speech centres,*’ q.v. 
structure of, 612. 
strychnine on, 616, 
suppressor bands, 620, 
temporal lobe, 574, 653, 
typos of, 614. 
visual centre, 576, 653 
lesions of, 580. 
structure of, 614, 
voluntary movements, q.v. 

Cerebral haemorrhage, raised intracranial 
pressure from, 311, 
tumour, electrical localization 628. 

' results of, 125. 

See Brain. 

Oerebrosides, 829, 862. 

Cerebrospinal fluid, 3, 118. 
absorption of, 123. 


Cerebrospinal fiuld, anatomy of, lls 
cells of, 119, 130. 
colUuclal benzoin reaction, 131, 
gold reaction, 132. 
composition of, 119. 
f()nuatioti of, 120. 
functions of, 124. 
hydrocephalus and, 121, 125. 
in certd)ral tumour, 125. 
diabetes, 131. 
gem^ral paralysis, 132. 
nunnngo-vaseular syphilis, 1,32. 
septic meningitis, 131. 
tabes, 132. 

tubercular numingitis, 131. 
intravenous saline on, 120, 
hnicocytosis in, 131. 

Hpio<lbl, 130. 
lotndation syndrome, 129. 
lumbar puncture, 130. 
lympluxiytosis in, 130. 

Noniu^-Apelt rea(^tion, 130. 
pathology of, 130. 
presHun^ of, 121, 124. 
prot(un of, 119, 130. 

Queekenste-dt's sign, 124. 
relation to nerv(^ <tontro8, 125. 
ventriculography, 1 20. 
volume of, 120. 
xanthoehromia, 130. 

Cervieal sympatht^tic, 708. 

relation to Horner’s syndrome, 708, 

Cetyl Htdphate, inhibits lipase, 863. 

Oevitaitne acid, 1038. 

Cliar<u)t joint in tabes, 561. 

Chemical transmission. #SVc Transmission, 

Chomoreceptors, 738, 745, 746. 
action in luemorrhnge, 746. 
of acetylcholine on, 719, 745. 
cyanide on, 745, 
li+ ion et)ncentration on, 745, 
nicotine on, 745. 

(>2 lack on, 745. 
on blood pressure, 745, 746. 
localization of, 745. 

Chest Ituids in (‘lectrocardiography, 243, 
244. 


Cheyne-Stokes ( p«>nodic)breathing, 406, 464. 
Chicago blue, 145. 

Chloride* absorption by renal tubules, 28, 
33. 


concentration by kidney, 28. 
in blood, 28, 73.' 
cerebrospinal fluid, 110, 131. 
intracellular fiuid, 5. 
plasma, 6. 

and renal function, 73. 
in asthenic urmmia, 74. 
urine, 28, 63, 64, 65. 
lack, results of, 65, 106. 
permeability of cell membranes to, 7. 
shift, 420, 
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Chlorine dioxide, 1059. 

Chloroform poisoning, methionine for, 
827. 

Cholagogues, 798, 800. 

Cholebillrubin, 189. 

Cholecystography, 802. 

Cholecystokinin, 802. 

Cholesterides, 862. 

Cholesterol, distribution of, 798. 
effects of ingestion, 799. 
functions of, 799. 
in adrenal cortex, 944. 
blood, 114, 799, 
disease, 114. 
pregnancy, 799. 
sources, 798. 
structure, 798. 
synthesis of, 799. 

Cholic acid, 798. 

Choline, 868. 

creatine synthesis and, 883. 

-esterase, 719. 
formation, 867, 883. 
lipotropic action of, 868. 
necrosis of kidney and, 868. 
results of deficiency, 868. 
transport, 868. 

8ee Acetylcholine. 

Oholiner^c nerves, 508, 523, 719, 721, 931. 
Chondroitin, 145. 

Chondrosamine, 839. 

Chorda tympani, taste fibres in, 581. 

vasodilator and secretory action ot 
714, 774. 

Chorea, 660. 

Chorion-epithelioma, gonadotrophin in 
urine, 1088. 

Chorionic gonadotrophin, 1084. 
actions of, 1089. 
clinical uses, 1086. 
in urine, 1088. 

pregnancy diagnosis tests based 
on, 1089. 

See Gonadotrophin. 

Choroid plexus, 119. 

action of hypertonic saline on, 127, 
hypertrophy of, 125. 

Chromaphil tissue, 943, 945. 
Chromatolysis, 482, 494. 

Chronaxie, 493. 

Chronic nephritis, 76. See Nephritis. 
Chvostek’s sign, 1005. 

Chylomicrons in blood, 863. 

Chymotrypsin, 790. 

Ciliary ganglion, 708. 

muscle, nerve supply, 715. 

Cinchophen for gout, 899. 

Cixctdation rate, 274. See Heart, output of. 
Circulation time in man, 262. 

deoholin method, 263. 
effect of metabolic rate, 263. 
of peripheral oircularion, 264. 


Circulation time in man, ether method, 263. 
in heart disease, 263, 295. 

thyroid disease, 263. 
ma^esium sulphate method, 263. 
sodium cyanide method, 263. 
Circus movement, 292. 

Cirrhosis of liver, 869. 

Cistemse, cerebral, 118. 

Citrate, alkaline urine after ingestion of, 
98. 

effect on coagulation of blood, 140. 

Citric acid, 873. 

cycle, 850, 851, 852. 
atruUine, 878, 887. 
darke'b column of cells, 669. 

Clearance, notion of, 34. 
diodrast, measures renal blood flow, 36. 
inulin, measures glomerular filtration, 35. 
urea, 34. 

Climacteric, 1068. 

Clotting. See Coagulation. 

Coagulation of blood, 139-160. See Blood 
coagulation. Thrombin, etc. 
time of blood, normal, 143. 

accelerated, measurement of, 143. 
effect of dicoumarol, 154. 
of heparin, 144, 147. 
in haemophilia, 150. 
purpura, 157. 
vitamin K deficiency, 151. 
Co-carboxylase, 860, 1026. 

Cod-liver oil, 1057. 

Coefficient of tm'izntion of oxygen, 413. 
Coenzyme (Co), 840. 

A, 874, 1028. 

I (Co-I), 839-841, 848, 849, 852, 854, 
885, 1026. 

n (Co-H), 839-841, 848, 849, 852, 854, 
1027. 

Cofactor, 840. 

Coitus, ejaculation, 1105. 
in spinal man, 1104. 
nervi erigentes, 1104. 
orgasm, 1105. 

physiological changes in, 1104. 
sympathetic nerves and, 1105. 
uterine changes during, 1105. 

Cold, action on adrenal, 480, 731, 733. 
blood vessels, 328. 
metabolism, 282, 
output of heart, 281, 
thyroid, 474, 480. 
agglutinin, 177. 
exhaustion, 480. 

nerve endings (end bulbs of Krause), 548. 
pressor test, 328. 
refrigeration, 480. 
relation to cyanosis, 452. 

to Eaynaud's disease, 358. 
response to, 328, 481. 

after complete sympathectomy, 715. 
spots, 552. 
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CoUiipso of Imig, aunxinl n, 4 18. 

(^yiinoHis in, 454. 
liyHpnaMi in 457. 
of pulH<% 21)8. 

(lollioulo-nucloar fibms. 578. 

Uolloulal bon/.oin n^action, l.'U. 

Colour imlox. 107. 

(>>lo.stnnn, 101)1, 1005. 

Common metabolic pool. 8511. 

ComponBatory pauHc, 28S. 

Oomploinontary air, 502. 

Coinponnd K 1)51). 

1)54, 1)51), 1)00. 
li pules, 801. 

18, 951). 

Ooinpresserl air HieJinoMS, 420. 

Conditioned reflexes, 075^087. 
appetite juice and, 078, 777. 
asthma and, 078. 
conditionial inhibition, 078, 080. 
dillbrcntial inhibition, 079. 
external inhibition, 078. 
extinction, 679. 
internal inhibition, 079. 
negative, 678. 
positive, 677. 
production of, 070. 
reinforcement, 677. 
relation to sleep, 085. 
secondary, 678. 
spread of, 085* 
study of analyHora by, 681. 

Conditioned stimulus, 676. 

Conduction in heart muscle, 235 m/, 

in nerve, 483 ei mj. 

Cones, 1022. 

Congenital heart disease, 333. 
anoxia in, 448. 
cyanoHiH in, 452. 

Kallot’H tetralogy, 453. 
patent ductus arterio-sus, 333. 
polycythiemia in, 453. 
pultnonary sUmosis, 453. 

Conjugates deviation of (^y<^s, 037. 

Conjugation in kidney, 23. 
in liver, 828. 

Connector neurone, 704. 

Consensual light reflex, 579. 

Constipation, 810. 
results of, 817. 

Constrictive pericarditis, 300. 

Oonvergcnco-accommodation reaction, 579. 

(>)nvc)lutcd tubules. J^en Kidney. 

Coombs test for haunolysins, 172. 

Copper, distribution of, 213, 
relation to blood formation, 194, 213. 

Ooprostorol, 799. 

Coronary circulation, 237. 
elTcct of adrenaline, 237, 
of anoxia, 237. 
blood comi>oaition, 237. 
blood pressure, 237. 


Coronary circulation, otfect of COj excess, 

ear<liac output, 237. 
sympathetic. 237. 
vagtjs, 237, 

in aortit! reg\irgitatit>u, 299. 
exercists 238. 

phases of cardiac cycle, 237. 
insufliciem^v, 751), 751, 
octdusion (»f, 238, 254. 
pain of. 750, 752. 

(^)rpuH callosum, relation to apraxia, 653. 
(^u'jms haunorrhagiiuuu, 1007. 

Corpus luteum, at'tion on ovulation, 1081. 
on uterine muscle, 1080, 1091. 
forma-tion, 1000. 
ftmetions of, 1079. 

(estrogens in, 1077. 
progesitu'otus </.c, 
relation of pituitary to, 1083 et 
to (unbedding of ovum, 1080. 
growth of main maty gland, 1081, 
1092. 

menstruation, 1073, 1080. 
placenta formation, 1080. 

“ relaxin in, 1081, 
rOle in pr(‘gnancy, 1080. 

Corpus striatum, 056-001. 
anatomy of, 050. 
choreo-athetosis and, 601. 
clini(5al disorders, 060. 
disease of, 057, 000. 

disturbance of movement, 658. 
emotional expression, 669, 
movenumts of cooperation, 659 
})overty of movement, 659, 
reflexes, 059. 
rigidity, 057. 
trmnor, 058. 

experimental lesions, 659. 

Oortieoids, atlrenal. Adrenal corticoids, 
Cortico-metabolie syndrome, 965, 
Cortico-mufli^ar flbres, 031, 638, 
Corticosterorus 959. 

Cortilaetin, 958, 

Cortisone, actions of, 961. 

adrenal cortex atrophy, 903. 
glyeosuria, 901. 
hyperglyeauuia, 1)01. 
in Addison's disease, 901, 
gout, 899. 
shotde, 344, 

Bimmonds' diHcase, 901. 
on blood, 902. 
body fluids, 902. 
bones, 902. 

central nervous system, 902, 
kidney, 901. 
musole, 902. 
therapeutic elTetj ts, 963. 
toxic (dfects, 962. 
wound healing, 964, n, 1. 
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Cortisone, “ diene ” of, 963. 
formula of, 959. 

natural adrenal corticoid ?, 960. 

Cozymase, 840. 

Cranial autonomic system, 707, 712. 
nuclei, 697 et seq. 
outflow, 707. 

Creatine, chemistry of, 892.. 
distribution, 893. 
formation of, 882, 893. 
in blood, 893. 

urine, 28, 893, 986, 991. 
phosphate (phosphagen), 427, 429^ 842, 
845, 893. 

Creatinine, chemistry of, 892. 
clearance, 37. 

concentration by kidneys, 28. 

in tubular fluid, 33. 
formation, 894. 
in blood, 28, 72. 
urine, 72, 894. 

Cremasteric reflex, 645. 

Cretinism, 986. 

Crista, 596. 

Cross-circulation technique, 730, 741. 

Crossed anaesthesia, 704. 
extensor reflex, 537, 590. 
paralysis, 704. 

Crus cerebri, 633. 

Crush syndrome, 343. 

Cryptorchidism, 1109. 

Cumulus, 1066. 

Cuneus, 577. 

Cupula terminalis, 596. 

Curare, action on end plate potential, 512. 
muscle, 512, 516. 
synaptic potential, 524. 
antagonized by adrenaline, 517. 

KCl, 517. 
prostigmine, 517. 
in myotonia congenita, 520. 
relation to myasthenia gravis, 518. 

Current of action. See Action potential. 

Current of injury, 484. 

Cushing’s syndrome, 965, 966, 967. 

Cutaneous hyperalgesia, 747, 748. See Skin. 

Cyanide, action on chemoreceptors, 745. 
for circulation time determination, 263. 

Cyanosis, 451^55. 
at high altitudes, 400. 
causes of, 452. 
definition of, 451. 
factors modifying, 451. 
in congenital heart disease, 452. 
emj^ysema, 454, 459. 
heart failure, 453. 
lung diseases, 454. ^ 
methaemoglobinsemia, 454. 
pneumonia, 447, 454. 
pneumothorax, 454. 
sulph-hsemoglobinsemia, 454. ^ 
tracheal and bronchial stenosis, 454. ' 


Cyclopenteno-phenanthrene, 1074. 
Cycloperhydro-phenanthrene, 1074. 
Cfystathiomne, 882, 883. 

Cfystine and cysteine, 877, 882. 

Cytochrome, 854. 

oxidase, 854. 

Cytosine, 878, 896. 

Dachau. See Starvation. 

Dark-adaptation, 1022, 1024. 

tests for, 1023. 

DCA, 959. 

Dead space, 364. 

Deafness, cortical, 574. 

in brain stem lesions, 674. 

Deamination of amino-acids, 838, 885. 
Decarboxylation, 850, 1026. 

Decerebrate rigidity, 583, 1124. 
attitudinal reflexes, 590. 
in man, 591. 

labyrinthine reflexes, 591. 
len^hening and shortening reaction, 
586. 

levels of trans-section, 583, 585. 
neck reflexes, 691. 
reflex arc, 584. 

segmental static reactions, 590. 
stimulation of cerebellum, 607. 
stretch reflexes, 588. 

Decholin, for circulation time determina- 
tion, 263. 

Decomposition of movement in cerebellar 
disease, 610. 

Decompression sickness, 425. 

Decorticate preparation, 592. 

Deep reflexes. See Knee-jerk, 
sensibility, 556 et seq. 

Defsecation, 814. 

Deglutilion, 805. 

centre, 805. 

Dehydration, 66. 

and sweating, 468, 477. 
Dehydroandrosterone, 1110. 
7-Dehydrocholesterol, 1010, 

11 - Dehydro - 17 - hydroxycorticosterone 
(Compound E)=:Cortisone (q.v,), 
959. 

ll-Dehydrocorticosterone, 959. 
Dehydrogenase, 840, 848, 849, 1027, 1028. 
Delayed heat in skeletal muscle, 431. 
in nerve, 491. 

Denervated heart, 276, 722, 729- 
muscle, action of acetylcholine on, 506, 
516, 721. 

Deoxyribose, 839. 

Depressor nerve. See Aortic nerve. 
Dermatomes, 658. 

Desoxycorticoids, 968. 

Deso^cortisone (compound S), 959. 

11 - Desoxy - 17 - hydroxycorticosterone 
(Compound S), 959 
“ Desert ” (Kangaroo) rat, 1090. 
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Do«oxycortico8torono (deoxycortone) 

acetate (DOCA, DGA), 950, 
960, 961. 

Deviation of reaponao, 035. 
rigiit axis, 255. 

Doxtran for transfusion, 186. 

Diabetes insipidus, 49. 
experimental, 49. 
rOle of anterior pituitary, 51. 
antidiuretic hormone, 51. 
hypothalamus, 49, 
thyroid, 51. 

water intoxication in, 58. 

Diabetes mellitus, 909, 917. 
acidtemia in, 102, 924. 
alveolar air in, 456, 925, 
blood cholesterol in, 799, 
fat, 924, 

glucose, 920 ei. m/. 
carbohydrate metabolism in, 919. 
causes of, 917, 
clinical, 919. 
coma in, 925. 
dyspnoea in, 456. 
ofToct of adrenalectomy, 938. 
of diet, 025. 

hypophysectomy> 93B. 
oxporimontal, 917. 
fat metabolism, 923. 
fatty liver, 868. 
insulin resistant cases, 927, 
insulin treatment of, 925. 
islets of Langerhans in, 918. 
ketone utilisation, 924. 
kctosi.s in, 875, 923, 924. 
liver and, 920 et atq* 
neoglucogcnoais, 920. 
proUnn metabolism in, 924, 925, 
respiratory qtxotient in, 920. 
glucose tolerance curve, 921, 
urine in, 102, 920. 

Diabetogenic action, of ACTH, 06,> 
of adrenal cortex extracts, 945. 
growth hormone, 935, 
factor, action on liver, 859. 
insulin antagonism, 913, 

Biapodesia, 222. 

Diaphragm, control of, 392. 
paralysis, 457, 

Diastasis, phase of, 258. 

Diastolic blood pressure. Bee, Blood 
pressure. 

Dicrotic notch, 262. 
wave, 262. 

Dicoumarol, 154. 

Diencephalon. Set Hypothalamus. 

Dienoostrol, 1078. 

Diet, 1043-1064. 

^ action on bile, 798, 
gall-bladder, SOL 
gastric secretion, 778, 780. 
pancreatic secretion, 793. 


Diet, blood formation and, 104, 210. 
hone formation and, lOlO, 1012 tt sen 
bread, 1057. 

British rationing system, 1065. 

<‘alcium of, 997, l(i56. Bee Calcium, 
caloric deficiency, res\dts of, 1046. 

UndornutriUou. 
calorie re<j\urements of, 1045. 
in children, 1044. 
ofl‘n‘ial standards, 1044. 
carbohy< irate of, 1056. 
cholestc^rol of, 798, 
composition of normal, 1051. 

of chief foodstulls, 1052'“1054. 
copper of, 213. 

effect on com])osition of milk, 1096. 
effect on urine, 891. 
energy rt^quirements, 1043. 
essential amino-acids, 881, 1051. 
essentials of, 1043. 
extrinsic factor in, 200. 
fat of, 862, 1055. 
in lacbfction, 1051). 

pregnancy, 1051), 
hxline of, 972, 987, 1056. 
iron of, 204, 1051) 
liver composition and, 827. 
minerals of, 1056. 
phosphate of. 100 1, 1056. 
plasma proteins and. 1.36, 
protein of, 1051. 
purine of. 896, 
salt of, 1056. 

sex function ami, 1086, 1087, 
starvataon (if/.o.), 900. 
sulphur of. Bee. Sulphate, 
teeth and. 1013. 
undermitritioti (y.w.), 1045 
vitamins. 151, i0()8, 1021, 1038, 1062- 
1054, 1086. 

Diethyl-stilbawtrol, 1078. 

Diffusion, 13. 
of gjw, 366. 

of water and crystalloids, 13. 

Diglycerides, 861. 

Dihydro- amtrone V, (estradiol, (/.v, 

Dihydrotaehystoroi (A'TIO), 1006. 

Dihydroxy-stilbene, 1078. 

Di-iodotyrosine, 972, 974. 

Dilator itbitw. Bee Vasodilatation. 

Dilator pnpilhe, nerve supply of, 708. 

Dimethy l-amino-a/.o.ben«;ene, 781 . 

Diodrast <d(saran<?<\ 36, 
excretory Tm, 40. 

Diphasic variation. Bet Action potential. 

Diphosphoglycerio acid, 843. 

Diphosphopjmdine nucleotide (DPN), 840, 

Diphosphothiamine, 1025, 1026. 

Disaocharidos, 835. 

Discus proligerus, 1066, 

Dissimilation, 839, 
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Dissociated anaesthesia, 560. 

Dissociation curve, for carbon dioxide, 416, 
421. 

for oxygen of blood, 411, 

Diuresis, from injection of saline, 69. 
from protein, 70. 
urea, 54, 69. 

in diabetes insipidus, 49. 

diabetes mellitus, 55. 
potassium chloride, 62. 
tubule, 69. 

water, 66. 8ee Urine volume. Kidney. 
DOGA (DCA), 959, 960. 

Donors, universal, 178. 

Dorsal columns, tracts in, 559. 
nerve roots, 658. 
acetylcholine released by, 721. 
action on denervated skeletal muscle, 
721. 

antidromic sfeimulatiort,^!. 
branching of axons, relation to re- 
ferred pain and tenderness, 758. 
central connections, 558. 
dermatomes, 558. 
fibre varieties in, 658. 
histamine released by, 309, 722. 
law of Bell-Magendie, 658, n. 2. 
relation to herpes zoster, 309. 
to tabes, 661. 

results of section or injury of, 560. 
Sherrington phenomenon, 721. 
vasodilator fibres in, 721. 
visceral afferents in, 734 et seq, 

Douglas bag, use of, 372. 

“ Draught,” 1094. 

Drinker’s method of artificial respiration, 
382. 

Ducts of Bellini, 23. 

Ductus arteriosus, changes at birth, 332. 
patent, 333. 

(vas) deferens, 1102, 1108. 

Duodenal bulb or cap, 807. 

Duodenum, secretion of, 797. See Small 
intestine, 
sensibility of, 762. 
ulcer of, 787. 

Dura mater, 118. 

Dye methods for determining blood 
volume, 9. 

Dynamic equilibrium, 879. 

Dysarthria, causes of, 656. 

Dyschezia, 816. 

Dyslysin, 798. 

Dysmetria in cerebellar disease, 611. 
Dyspituitarism, 940. 

Dyspnoea^ 456-466. 
breath]^ reserve, 455. 
cardiac, 460. 

Cheyne-Stokes, 464. 
definition of, 455. 

from ammonium chloride, 397, 466. 
disturbed acid-baso equilibrium, 99, 466. 


Dyspnoea, from disturbed pulmonary 
circulation, 458. 
increased metabolism, 456. 
mechanical and nervous hindrance 
to breathing, 456. 
oxygen lack, 398, 400, 456. 
pulmonary embolism, 458. 
in asthma, 457. 

bronchial obstruction, 467. 
diabetes, 456. 
emphysema, 459. 
exercise, 438. 
exophthalmic goitre, 456. 
nephritis, 456. 

obstruct^ air-passages, 467, 458. 
paralysis of respiratory muscles, 457. 
pneumothorax, 370, 454. 
pulmonary consolidation or collapse, 
467. 

uraemia, 77, 463. 

. mechimcal e|ficiency and, 455. 
neurogenic,. 460. 
orthopncea, 461. 
paroxysmal, 463. 
point, 455. 

predisi^osing factors, 455. 
vital capacity and, 363, 455. 

Dyspnceic index, 455. 

Dystocia, 48, 1091. 

Dystrophia adiposo-genitalis, 940. 

Ear, 673. 

Eck’s fistula, 826. 

Ectopic beats. See Extra-systole. 
Ejaculation, 1105. 

Elasticity of arteries, determination of, 262. 
Electrocardiogram, 239-256. 
action potential of single cardiac fibre, 
240. 

chest leads, 250. 
effect of serum K+ on, 970. 
electrical axis of heart and, 255, 
in auricular extra-systole, 287. 
auifcular fibrillation, 293. 
branch bundle block, 285. 
calorie deficiency, 1047. 
carotid sinus compression, 740. 
coronary thrombosis, 254. 
heart block, main bundle, 283- 
sino-auricular, 282. 
hypertrophy of ventricle, 255. 
myocardial lesions, 261. 
nodal rhythm, 286. 
scurvy, 1041. 

ventricular extra-systole, 270, 288. 
ventricular fibrillation, 294 
ventricular wall damage, 253. 
ischaemic patterns, 254 
injury jpotential, 252. 

I leads, bipolar, 243. 

chest, 2^, 244. 

I direct. 240. 
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Electrocardiogram, leads, indirect, 240, 
limb, 242, 243. 
unipolar, 242. 
left axis deviation, 255, 
nt)rmal, 247. 
origin of waves, 240. 

P-R interval, 248, 282. 

P wave, 245, 247. 

Q,H.8T waves, 248. 
relation to heart sounds, 2(15. 

to radial and jugular tracings, 205. 
right axis deviation, 255. 

deviation, 252. 

T wave, 251. 

U wave, 251. 

used to study spread of cartliac impulse, 
245. See Heart, 
Klectrocorticogram, 618. 
Electroencephalogram, 610~ 62J). 
abnormal rhythms, 627. 
analyser, 624. 

Berger (alpha) waves, 616. 
caudate micleus and, 621. 
clinical, 624, 
effect of ago, 625. 

oonvulsant drugs, 627. 
flicker, 626. 

mental activity, 617, 625. 
midbrain trans-scotion, 518, 
overvontilation, 626, 627. 
sleep, 625. 

suppressor bands, 620. 
visual activity, 617, 625. 
experimental studies, 618, 
genesis of, 617, 
human, 624. 
in cerebral tumour, 028. 
epilepsy, 627. 
petit mal, 628. 
photic stimulation, 627. 
r6lc of thalamus, 618, 621. 
spike and wave (dart and dome), 627, 
types of waves, 617, 625. 

Electrical axis of heart, 255. 

Elcctrotonus, of nerve, 488, 
fil^mcxT^t constant, 866. 

variable, 866. 

Elkinton’s solution, 971. 

Embolism, in docomprcssjion sickness, 425. 
Emotions, 661, 
adrenaline secretion in, 732. 
bodily changes in, 661, 665, 666. 
central pathways of, 665. 
effect on stomach, 786. 
oxterioriaiation of, 663. 
production of affective states, 666. 
rdle of autonomic nervous system, 662. 
cerebral cortex, 642, 663, 671. 
hypothalamus, 665, 
subcortical nuclei, 664. 
thalamus, 664. 

secretion of antidiurotic hormone, 51. 


Emotions, urine How, 53. 

Emphysema, 459. 
aeidiemia in. 103, 459. 
anoxia in, 454, 460. 
cyanosis, 454. 
dyspntwa, 459. 
intrapleural pr(\ssure, 459. 
pulmonary <irculation in. 307. 
stiMiotural chaj\g(^H in, 459. 
Kmulsilication. 863. 

Encephalitis h'thargica, 660. 

End bulb, 548. 

Emlergonic reaction, 841. 

Endogenous fibres iti spinal cord, 689. 

metahoHstu, 890. 

Entlolymph, 596, 

Endothermic reactions, 841. 

End plate, atH^tylehoIine at, 513. 
changes after nerve section, 505. 
ptteitial, 512, 
structure, 510. 
transmitter at, 508, 511, 

Energy bonds, 429. 

outptd, detennination of, 376. See 
Basal metabolism. Metabolic 
rate. 

requirements. See Diet, 
transfer, 841. 

v*due of foodstuffs, 1062-1054. 
Enophthahnos, 708. 

Entcroceptivo impulses, 549. 
Entorogiwjtrone, 780. 

Enterokinase, 796. 

Enuw^is, 771. 

Enzyme protein, 840. 

Eosinophil count, action of ACTH, 951, 
952. 

adrenal cortiooids, 951, 952. 
adnmaline, 951, 952, 
eortistme, 952. 
in Cushing’s diswise, 952. 

disease, 951, 
normal, 951. 

Ephedrine, 510, 
for myasthenia gravis, 519. 
potentiates a<lrenalino, 729. 

Kpicritie sensibility, 658. 

Epididymis, 1102. 

Epilepsy, electroencuqdialogram in, 627. 

experimental, 635, 

Erection of penis, 1 104. 

Erepsin, 706. 

Ergosterol, 1009. 

Ergotamine (ergotoxin), 729. 

produces sleep, 687, 

Eiythroemia, 168. 

Erythroblast, 164. 

Erythroblastosis mtalis, 180, 
Erythrocyte. See Red blood corpuscle. 
Erythropoiosis, 163, 194, 

Erythropoietic capillaries, 162. 

Esorina, action of, 509. 
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Essential hypertension, 353. See Hyper- 
tension. 

Ethanolamine, 867. 

Ether, for circulation time determination, 
263. 

Ethinyl-oestradiol, 1078. 

Ethisterone, 1081. 

Euglobulin. See Globulin. 

Eunuch, 1108. 

post-pubertal, androgens for, 1112. 
Eunuchoidism, androgens for, 1112. 
thymus m, 1017. 

Evans’ blue, blood volume method, 9. 

Eve’s rocking method, 381. 

Ewald’s experiment, 698. 

Excitation/ central, 628, 532 et seq. See 
Reflex action. 

Excitatory afferent, 528. 

Exciter neurone, 704. 

Exercise. See Muscular exercise. 

Exergonic reaction, 841. 

Exogenous metaboUsm, 890. 

Exophthalmic goitre (Graves* disease), 

989-997. 

basal metabolism in, 379, 990. 
blood iodine in, 990. 
circulation in, 281, 990. 
creatine in urine, 991. 
dyspnoea in, 456. 
eye signs in, 991, 993. 
iodine treatment of, 994. 
liver function, 830. 
mechanical efficiency in, 456. 
operative removal, 994. 
radio-iodine treatment of, 997. 
thiouracil treatment of, 996. 
thymus in, 990. 

thyrotrophic hormone and, 990, 993. 
treatment of, 994. 
vital capacity in, 363, 456. 
vitamin-R lack and, 991. 
Exophthalmos, from sympathetic stimula- 
tion, 708, 992. 
thyrotrophic hormone, 981. 
in Graves’ disease, 991. 

Exothermic reaction, 841. 

Expiratory centre, 386. 

reserve volume (reserve air), 362. 

‘ Extensor ’ response, 646. See BabinsM’s sign. 
Extensor thrust, 590, 694. 

External (lateral) geniculate body, 675. 
environment, 2. 
inhibition, 678. 

Exteroceptive impulses, 549. 

Extinction, 679. 

Extracellular fluid, 2-3. See Interstitial 
fluid. Plasma. Water, 
volume, 10-11. 

changes after NaCl excess, 62. 
saline injection, 60. 
water drinking, 66. 
in NaCl deprivation, 64. 


Extracellular fluid, volume, changes in 
pyloric obstruction, 105. 
in water deprivation, 66. 

Extra-pyramidal tracts, 629, 632, 
lesions of, 641. 

Extra-systole, auricular, 287. 
hypothalamus and, 716. 
in denervated animal, 744. 
ventricular, 270, 288. 

Extrinsic factor, 200. 

Eye, autonomic supply of, 708. 
movements, cortical centre for, 631, 637, 
reciprocal innervation in, 638. 
muscles, nerve supply of, 703. See Pupil. 

Eyefields, stimulation of, cortical, 637, 

Facial irritability, 1005. 

Facilitation, 593. 

Faeces, 814, 899. 
in obstruction of bile duct, 798. 
pancreatic deficiency, 794. 

Fainting attacks from blood loss, 84. 
carotid sinus compression, 740 
vago- vasal syndrome, 271. 

Fallopian tube, 711, 1066. 

FaUot’s tetralogy, ^8, 453. 

Familial periodic paralysis, 519. 

Fanconi syndrome, 895. 

Faradization, 1120. 

Fastigium, 480. 

Fat, absorption of, 863, 864. 

partition hypothesis, 863. 
adipose tissue, 865. 
a protein -sparer, 903. 
boy (Joe) of Dickens, 941. 
chemistry of, 861. 
content of foodstuffs, 1052-1054. 
conversion into carbohydrate, 874. 
depots, 868. 
digestion of, 862. 

dissimilation, alternate p oxidation, 871. 
cleavage, 872. 
complete oxidation, 865. 
formation of “ 2 C fragments ” 

(“ acetic acid units ”), 872. 
fate of acetic acid units, 872. See 
Acetic acid, 

effect on gall-bladder, 801. 

on stomach, 780, n. 3, 810 
fate of after absorption, 865. 
fatty acids of, not converted into carbo- 
hydrate, 866. 

formation from carbohydrate, 874. 
from ingested fat, 865. 
pyruvic acid, 853. 
in blood, 863, 865. 
fmces, 815. 
lacteals, 863. 
milk, 1095. 
starvation, 900. 
thoracic duct, 864. 
tissues, 866. 
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Gall-bladder, action of adrenaline on, 801. 
of bile salts on, 801. 
cholecystokinin on, 802. 
food on, 801. 

ma^esium sulphate on, 802. 
peristalsis on, 801. 
cholecystography, 802. 
functions of, 800. 
movements of, 801. 
nerve supply of, 711. 
removal of, 803. 
reservoir action, 803. 

See Bile. Liver. 

Gallop rhythm, 267, n. 1. 

Gametokmetic principle, 1114. 

Gases, laws of, 365. 

Gasping breathing, 391. 

Gasserian ganglion, 708. 

loss of taste after extirpation of, 581, 
n. 1 . 

Gastric analysis. See Fractional test meal. 
Gastric juice. See Stomach. 

Gastric ulcer, 763, 787. 

emotional state and, 787. ! 

pain in, 763. ' 

Gastrin, 779. 

Gastro-cohc fistula, 797. 

Gastro-colic reflex, 813. 

Gastro-ileal reflex, 812. 

Gastro-jejunal ulcer, 788. 

Gastro-saliva^ reflex, 774, n. 3. 

“ Gastrozymin,” 780, n. 1. 

Gelatin, 881. 

^niculate bodies, lateral (external), 666 , 
676. 

medial (internal), 566, 672. 

Gennari, line of, 616. 

Gigantism, 934. 

GHadin, 1061. 

Globulin, for haemophilia, 160. 
hypertensinogen, 23, 349. 
in inflammation, 222 . 
leucocytosis producing factor, 221, 223. 
necrosin, 223. 

of cerebro-spinal fluid, 119, 130. 
plasma. See Plasma proteins. 

Globus paUidus, 630, 666 . 

Glomeruli of Mdney. See Kidney. 
Glossitis, 1031, 1036* 1037. 

Glucocorticoids, 968. 

Glucogenic amino-acids, 887. 

Glucosamine, 839. 

Glucose, 835, 844. 

absorption by renal tubules, 28, 32, 927. 

. in intestine, 836. 

dissimilation, effects of insulin on, 912 
formation of, 856 et seq, 
glycogen formation, 837. 
in blood, action on brain, 916. 
islets, 917. 
liver, 856, 
stomacji, 780, 786. 


Glucose in blood, adrenaline on, 727. 
adrenal cortex on, 945. 
after hepatectomy, 824. 
hypophysectomy, 937. 
sympathectomy, 715. 
alimentary canal and, 860. 
cortisone on, 961. 
curve, 922. 

in ^abetes mellitus, 923. 
diabetogenic hormone on, 937. 
familial periodic paralysis and, 520. 
formation from protein, 857. 
glycotropic factor on, 939. 
hormones and, 859, 860, 911, 937, 
945. 

hyperglycaemia {q.v.)^ 860. 
hypoglycsemia 860. 
in exophthalmic goitre, 991. 
ingestion of glucose and, 929. 
in Houssay animal, 938. 
hyperinsulinism, 916. 
starvation, 901. 
ipsulin. on (y.v.), 911. 
liver and, 856-859. 
nervous system and, 860. 
normal values, 855. 
puncture of fourth ventricle on, 860. 
regulation of, 860. 
renal threshold level of, 928. 
sympathetic stimulation on, 711, 
860. 

thyroxine on, 979. 

See Carbohydrate. Glycogen. Gly- 
cosuria. Hypoglycsemia. In- 
sulin. 

Glucose in cerebrospinal fluid, 119. 
glomerular filtrate, 28. 
urine. See Glycosuria, 
phosphorylation of, 845. 
action of insulin on, 913. 
pool, 8664 

reabsorption Tm, 41, 927 
renal threshold for, 928. 
tolerance curve, diabetic, 923. 
normal, 922. 

transformation into fatty acids and fat 
in diabetes, 920. 

“ utilization action of insulin on, 912. 
“ utilization ” and dissimilation in 
diabetes, 919. Carbohydrate. 
Glycogen. 

Glucose-l-phosphate, 847. 
Glucose- 6 -pHosphate, 837, 838, 844, 847 

Glucoside linkage, 844, 

Glucostatic action of liver, 866 . 

Glucuronic acid, 839. 

conjugation with, in liver, 828 
Glutamic acid, 877. 

Glutamine, 877. 

Glycerol, 838, 867. 

Glycine, 798. 876. 
conjugation with, in liver, 828 
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Glycine, <!iTaiin<' Byntlu'siH, 893. 

(lotttils of fate, 880. 

Hpo<atie role of, 880. 

Glveoeholato, 797. 

Glycogen, 837, 844, 847. 

In liver, 837 vt m/., 850. 
diRHiniilation t)f, 840. 
formation of, 837, 850. 
hormoiK'S and, 850, 859. 
in diabetes, 9J9. 
iiiHuUn and, 859, 911. 
in muscle, 420, S37, 

])ituitary and, 859. 

(dyeogenoHiH, 850. 

Gly cogonolysis, 850. 

Glycosuria, 927. 

ACTH, 905. 
adrenaline, 727. 
alimentary, 928. 
eortisonu, 901. 

(liab(*togeaie hormone and, 937. 
in acromegaly, 941. 

Onwhing'n Hyndrome, 90(», 
dialu^tcH melUtuH, 920 vt mf, 
o.\oj)Iithalmi(^ goitre, 991. 
regnal diHcaHe, 928, 
phlorid/an, 028. 
fudyuria from, 921. 
puncture (piqfu’td» 
relation to hyperglyi’mmia, 8(50. 
renal, il28. 
renal 'rituj Jind, 927. 

(Uyeotropie. factor, 939. 

Goitre, colloid, 987. 

Goitre, exophthalmic, J^ve. lOKophthalmic 
goitre. 

simple, 980. aSVc Thyroid. 

GoitrogeuH, 989. 

GoJgi-Ma/.zoni re^ceptor, 548. 

Golgi organ, 547. 

Gonadotrophic hormones. Sw Gonado- 
trophin, 

Gonadotrophin, action, s of, 1084. 

(dmrionic (f/.??.), 1084. 

follicle - Htimulating hormone (KHH), 

1083, 

in urine at inenopauHc, 1085. 
luteinizing hormone (LH), 1083. 
pituitary, 1 083. 

prolactin (lactogenic hormon(% lactogen, 
lutcotrophin)» 1083, 

pregnant mare Herum ( PMH, Hcrum gonad- 
otrophin, equine gonadotrophin), 

1084. 

regulation of secretion of, 1084, 

rdlo of blood hormone hweh 1085, 
hypothahunua, 1084. 
costrogoriB, 1085. 
flooretion in ferret, 1085, 
pigeon, 1085. 
rabbit, 1085. 
therapeutic use of, 1086. 


Gout, blo<»d uric ju-id, 898. 

elhM't of a<‘ct.yl salicylic acid, 890 
Af-'ril n-nd corUsone, 899, 
ciiH’hophcn, 899. 
colcbicinc, 899. 
uric acid pool, S9S. 

(Jraalian ft»lli<*lc, 1005, 1077. 

<Jrudicnt,s in intestine, 807. 

Graft of i>vary, lOtiO. 
of testis, 1 i 10. 

Granular (’<»rtc\, otjS, tU5, 

Granule. c<4ls of ci‘r<‘bclhun, 00(5. 
layin* of ccrt‘hral (’ortt'jc, (513, (515. 

Granulocytes, 214. Srv Kosinuphil. White 

blood cfjrpiisclcs. 

Granulopoiesis, 22o. 

Grasp relic X, (511, (559, 

Graves’ disease. Sw Hxophtljalmic goitre. 

Gravity, on t>ntpn1. of lu'art, 2vS0. 
venous return, 275. 

Grey ramus cotntnunicans, 710, 

Grh-f, cluvnges in, (5(54, 

Growth, curves for diilcrt^nt organs, 942. 
hormone. *SVc I’ituitary. 
rcgtilation of, 91 1. 
role of diet, 943, 
of cmita’i’incs, 943. 

Guauiditu', 892. 

Guanine, 878, 895, 897. 

Gymccogenic (ftoninizing) action, 1082. 


“ H ’’-substance, lihcratcd in injured skin, 
32(5, 

secndisl by antitlromic vasodilators, 309. 
*SVc Histanunc. 

Ilmm, 173. 

li.'cmatin. obstructing renal tubules. 182, 
Hmmatinlo principle, 198. 
llaunatoerit, 19. 
valms 10. 

Ibematomytdia, 500. 
liienuttopoicsis, lOO vt sty. 
ll{emato|)orj»hyrin, 174. 

Hjcimdiilirubin, 188. 

1 1 {ctmudirnmat osis, 2 1 3. 
llicimu'hromogen, 174. 

Hiemoeyatun, 213. 

Ihemofuseiti, 214. 

Hmmoglobln, 173 vt sty. 
altered, relation to (yanosis, 454. 
avtu'age etu'puseular. 1(57. 
hiearbotuiie Holutii)n and, 418. 
buffering action of, 93. 
earbamino (earb)-, 93, 415. 
carbon monoxide, 449 
chemistry of, 174. 

CO 9 carriage and, 418, 
tlerivatives of, 174. 
diminished in anmmie anoxia, 449. 
disHoeiation curves of 411, 416. 
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Haemoglobin, fate in body, 187. 
foetal, 1099. 
formation of, 194, 210. 
idle of bile, 210. 

copper, 199, 213. 
infection, 212. 
iron, 205 et seq. See Iron, 
protein, 210. 
functions of, 175. 

in anaemia, 168 et seq., 194, 204. See 
Anaemia. 

red cells, 167, 175. 
mean corpuscular, per cent., 167. 
methaemoglobin, 174, 449, 454. 
normal amount in blood, 175. 
oxygen carriage and, 409-414. 
pathological alteration of, 449, 454. 
reduced, relation to cyanosis, 451. 
regeneration of, dietic control, 194. 
sulph-haemoglobin, 454. 

Haemoglobinuria, after transfusions, 181. 
paroxysmal, 177. 

Haemolysins, action of, 170. 
relation of spleen to, 228. 

Haemolysis, after blood transfusion, 181. 
\vith hypotonic saline, 168. 

Haemolytic disease, 180. 
jaundice, 190. 

congenital, 220. 
sera, injection, 170. 

Haemophilia, 150. 
inheritance of, 150. 
treatment of, 150. 

Hmmorrhage, 81-86. 
chemoreceptors in, 746, 
compensatory reactions, 82, 83. 
relation to shock, 341. 
restoration of blood, 84. 
treatment with blood transfusion, 86. 
'vrith Uver extracts, 210. 
plasma, 86. 
proteins, 210. 
saline, 85. 

Haemorrhagic states, duo to decreased 
prothrombin, 151. 
defective blood clotting, 157. 
defective capillary contractility, 157. 
fibrinogen lack, 140. 
haemophilia, 150. 
haemorrhagic telangiectasis, 159. 
liver disease, 153. 
purpura, 157. 
scurvy, 1041, 1042. 
vitamin-A'^ deficiency, 153. 

Haemosiderin, 214. 

Hsemositasis, mechanism of, 156. 

Hair follioles, sensitivity, 553. 

Haldane gas analysis apparatus, 372. 

Hamburger phenomenon, 420. 

H assail, corpuscles of, 1016. 

Hearing, clinical disturbances of, 574. 
nervous pathway for, 572. 

37 


Hearing, peripheral mechanism of, 573. 

Heart, action of acetylcholine on, 718 
of adrenaline on, 725 et seq. 
atropine on, 270, 282 
histamine on, 337. 
hypertensin on, 350. 
ions on, 236. 
pituitrin on, 46. 

thyroxine on, 274, 979, See Heart, 
muscle. Heart output. Heart 
rate. 

afferents from, 272, 736. 
efferents to, 234, 270, 709, 712. 

Heart block, 282. 

branch bundle, 285. 
effects of, 284. 

from compression of carotid sinus, 740. 

stimulation of vagus, 268. 
main bundle, 282. 
sino-auricular, 282. 

Stokes-Adams syndrome and, 284. 

Heart, denervated, 722, 729. 

Heart failure, 295. 

acidsemia in, 103, 461. 
alkalsemia in, 98, 461. 
anoxia in, 450. - 

auricular reflex in, 273. 
basal metabolism in, 380. 
cardiac output in, 295. 

Cheynes-Stokes breathing in, 464. 
circulation time in, 262, 295. 
cyanosis in, 453. 
dyspnoea in, 460. 
effects of exertion, 461. 
in aortic regurgitation, 297 
mitral dSea-se, 296. 
kidney in, 111. 
liver in, 760. 
oedema in, 111. 
orthopnoea, 461. 
paroxysmal dyspnoea, 463. 
pulmonary oedema, 117. 
right ventricular pressure in, 260. 
venous pressure in. 111, 319. 
ventriemar, 295. 
vital capacity in, 362, 460. 

Heart, force of, 235, 275. 

diastolic pause and, 277. 
initial length of fibres and, 275. 
nutrition and oxygen supply and, 
236 et seq., 277. 

Heart, hypertrophy of, 277, 297, 
junctional tissues o^ 233. 
law of, 275. 

Heart-lung preparation, 276. 

Heart, movements of, 264. 

Heart muscle, aU-or-none law, 235, 489. 
blood supply, 237. 
conductivily of, 235, 247. 
contractility, 235. 
electrical changes in, 239 et fieg. 
excitability o^ 235t 
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Heati muscle, luiont tuM-ioil, 2Hr>. 
law of, 275, 
inctaboIKsm of, 23(>, 
outritiou of, 2:^5. 
oxyg<‘n cousunipUon, 257. 
oxyp^n debt., 2;t7. 
p('rf\iHion of, 2Ib). 
propertifiH of, 225. 
mto of condut^tion io, 225. 
refractory period of, 225. 
rbythiuicity, 2Il(>. 

Htrimturo, 222, 

Heart, nerve supply of, 2(>s, Nrc Va.ij;us. 

Sym pathi'tic. 

Heart, nutrition of, ’22(>* 

coronary cinndation anti, 227 
clVcct of blood pimMurc, 227. 
ofCa, K, Na. 226. 

11+ ion (‘oncentration, 226, 
Heart, origin and spread of Impulso In, 222 
H 

electrical m(d.bod of .study, 221). 
origin in 8. A. node, 245. 

Hpread in lUiritdcH, 245.^ 
in bundle of IUh, 246. 

veiitri(4<‘H, 246, MU'etro- 
cardiogratn. 

Heart, output of, 274 2H2. 
at n^Ht* 280. 
control of, 274. 
distributioKi of, 280. 
ellVt^t of blood volume, H2. 
of body weight, 282. 
catnllary tone, 275. 
cold, 281. 

00a, 

food, 281. 
force of lu'art, 275. 
gravity, 275. 
hn‘morrbag(s 82. 
heat, 281, 477. 
inetabolinm, 281, 
musetdar contraction, 274. 
o.xygeu lack, 282, 
poHturc, 280. 
ratt^ of licart, 277, 
respiration, 275, 
naiine injection, 60, 
vaguH Htimulati<m, 260. 
venous I'ctunn 274. 
in aortic regurgitation, 208, 
auricular fibrillation, 204. 
exorcise, 281. 

exophthalmic goitre, 281, 000. 
lieart Idock, 277, 284. 
heart failure, 277. 
lieartdung preparation, 276. 
histamine poisoning, 627. 
mitral incomptence, 206. 
mitral stenosis, 287. 
myxcodema, 281, 083. 
paroxysmal tachycardia, 277, 200. 


Heart, output of, in patent ductus 
arteriosus, 333. 
in shoeU, 340. 

metluHls of (hdermiaing, 278. 

<lirect hick method using 0^ in 
man. 270. 
hick principkx 278, 

Hill’s, in <*x<M'ci.s(^, 270. 
relation to blood pressure, 278, 

Hejirt, i>xygen consumption, 237. 

Heart, oxygen lack, eilct t tm, 236, 383. 

Heart, perfusion of, 236. 

Heart, pressure changes in, 256. 

Heart, rate of, 270 274. 

cardiac ciuitrt's, 270. 
clfect of acetylcholine, 718. 
of adrenaline, 725. 
aiVenmt nerves, 272, 
aortic nerve and, 272, 738, 744, 
atropine, 270. 
aurimdar redi^x, 273. 

<'nroUti sinus, 272, 738, 744. 
(H) 5 j excess, 274. 
complete sympathectomy, 715, 
haunorrhage, 83, 
higher centres. 271. 
hyptdhalamus, 716. 
musmdar i‘xt'reisi^, 273, 274. 
oxygtm lack, 273. 

I >a’raHv m patludiu transmitter' 

710. 

raisini inirai'ranial pressure, 274. 
respiration, 271. 
sympathetic, 270, 1110, 1121. 
svmjiathetic transmitter, 722, 
‘ 720. 

tmnperature, 274, 470. 
thyrmxine, 274, 070. 
vagus, 270, U 10. 
in calorie dclicieney, 1047. 
t‘Xopht4uilmi<‘ goitre, 000. 
heart failure, 273. 
myxii'tlmna, 084, 
tliiamine dclicieney, 1029, 
regulation of, 270. 
sinus arrhythmia, 271. 

AVr N'agus. iSym pathetic. 

Heart, rhythmicity of, 236, 

Heart, sensibility of, 750, 755. 

Heart sounds, 265. 
auriimlar, 266. 
in aortic n^guigitation, 207 
redupU<‘aUou of, 267. 
third, 266. 

Hearty special Junctional tissues of, 233, 
auriculo- ventricular node, 234, 
bundle of His, 234. 
hurkinje libres, 234, 235. 
sino-aurieular node, 234 
Heart, work of, 235. 

Heat aeclimati‘/ation, 478, 
cramps, 65, 478. 
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Heat effect on breathing, 403, 466, 478. 
metabolism, 378, 
output of heart, 492, 
skin vessels, 327, 468, 474. 
exhaustion, 478. 
loss, 466. 

production, 465. See Basal metabolism, 
in muscle, 428, 431. 
nerve, 491. 
response to, 327, 474. 

. stroke, 479. See Fever. Temperature. 

Helweg’s bundle = bulbospinal tract, 697. 

Hemianopia, varieties of, 580. 

Hemiplegia, 641. See Pyramidal tracts. 

Hensen’s line, 662. 

Heparin, 144. 
chemistry, 145. 
in peptone shock, 145. 
metachromasia, 145. 
relation to mast cells, 145, 
uses of, 147. 

Hepato-renal syndrome, 834. 

“ Hepatic refractoriness as regards the in- 
hibitory response,” (!), 927. 

Hepatitis, toxipathio, 828. 
trophopathio, 828.' 

Herpes zoster, 309. 

Heschl’s gyrus, 615. 

Hexoestrol, 1078. 

Hexokinase, 837, 844, 845. 
action of insulin oh, 913. 

Hexosamine, 839. 

Hexose, 835. 

High altitudes. See Altitudes. Anoxia. 

High energy phosphate bonds, 842. 

H+ ion concentration, 87. 
effect on arteries, 320. 
breathing, 396. 
capillaries, 320. 

dissociation of haemoglobin, 411. 
heart, 236, 
kidney, 98. ‘ 

See Blood, reaction of. 

Hippocampal g 3 n:us, 582, 669. 
structure of, 613. 

Hippuric acid, 825, 895. 
test of liver function, 830. 

Hirschsprung’s disease, 816. 

Hirudin, 145. 

Histaminase, 336. 

Histamine, 335. 
action on adrenal, 554. 
on blood, 337. 
circulation, 336. 
glands, 338. 
smooth muscle, 338. 
axon reflex set up by, 324. 
chemistry of, 336. 
headache, 338. 
histidine and, 336, 
in gastric juice, 338. 
injected into skin, 325. 


Histamine, +insulin test, 786. 
in tissue extracts, 335. 
produced in injured skin, 338, 
relation to action of venoms, 339. 
to anaphylactic shock, 338. 
bums, 344. 

“ H ’’-substance, 326. 
infection, 338. 

reactive hypersemia, 330, 338„ 
traumatic shock, 343. , 
triple response, 325. 
urticaria, 110. 

test of gastric function, 783. 
transmitter of dorsal nerve roots, 308, 325. 

to oxyntic ceUs, 776. 
triple response from, 325. 

Histidine, 336, 878. 

and purine synthesis, 807. 

Homeostasis = maintenance of constancy 
of internal environment, q,v. 
Homocysteine, 878, 882, 883. 

Homogentisic acid, 890. 

Homoserine, 883. 

Hordenine anti-cholinesteraseS, 510. 

action on spinal cord, 531. 

Hormones in urine, 1090. 

Homer’s syndrome, 708. 

“ Hot flushes,” 1068. 

Hot spots, 552. 

Houssay animal, 859. 

Hunger pains, 810. 

sensation, 1048. 

Hyaline cell, 214. 

Hyaluronidase, formed by sperm, 1103. 
Hydatidifonn mole, 1088. 

Hydrsemia, 4. 

Hydrocephalus, 121, 125. 
action of hypertonic saline in, 127. 
clinical varieties, 125. 
experimental, 126. 

Hydrochloric acid in gastric juice, 776 et seq 
I Hydrogen acceptor, 840. 
carrier, 840. 
transfer, 855. 
transport, 839. 

Hydrogenase, 849. 

Hydronephrosis, hypertension in, 358. 
Hydrotropic substance, 863. 

Hyperalgesia of muscles, 759. 

of skin, 747, 748, 759. 

Hypercalcsemia, 1006. See Calcium. 
Hyperglycsemia, causes of; 860. 
factor, 910, 918, n. 1. 
from brain lesions, 860. 
cortisone, 961. 

depressed utilization of glucose, 860. 
diabetogenic factor (ACTH, growth 
hormone), 

diminished liver activity, 824. 
excessive glucogenesis in liver, 860, 
irtanlin lack. See Insuli n . 
puncture of floor of fourth ventricle, 860, 
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Hyperglycajmia in iliahoton, 0:20. 

“ tmrc.siH)nHivt‘n(\ss,” IKil. 

See OlucoHn in blood. 

HyperinsuUnlsm, DIG. 

Hyperparathyroidism, 1007. 

blood ohangos, 1000. 

<lin*uHo jMirathyroid hyperplasia or para- 
thyroid adenoma, 1007. 
osteitis fibrosa eystiea, 1008. 
ostooporosis, 1008. 

Horum V in, 1001. AVe Parathyroid, 

Hyperpituitarism, Oil. 

Hyperpneea and K.M.d., 
otVocts of, 40G. 
tetany from, 408, 1007. 

Hyperpyrexia, artifieial, 470. 

<mromatolyHi8 from, 40G. 
in heat Htrok(s 470, 
pontine le.sions, 4711. 

Hypersplenism, 1220. 

Hypertensin, aetion in man, HGO, 
formation of, 20, 240. 

Hypertensin-*' activator, 252. 
-ina<^tivatoi%” 252. 

Hypertensinaso, 252. 

llypcrtensinogen, 22, 240. 

Hypertension, 245“258. 
benign, 25.2. 

<!linieal, 252. 
essential, 252. 

blood vessel <'hanges, 254. 
cirtuilatory <diang(*H, 254. 
kidney e-hanges, 254. 
niechanisin of, 257. 
sympathectomy for, 257. 
experimont'al, 247. 
from injuries to kidney, 24G. 
from renal Ischsemla, 245. 
in man, 24G. 
mechanism of, 247* 
relation to clinical liyp('rb'nHi<m, 
253. 

vascular changes in, 25G. 
from section of sino-aortie nerves, 745. 
hypertimsin (angiotonin) and, 250. 
hyjjertensinogen and, 240, 
in ai^rtic regurgit^ition, 207. 

<;erebral amemia, 2U. 
exercise, 425. 

raised intracranial pressun^ 211. 
surgical ” kidney <iiHe»w<e, 258. 
malignant, 252. 
phseochromocytoma and, 724. 
renal, 345. 
renin and, 349. 

Hyperthyroidism. Sec Exophthalmic goitre, 

Myportonio saline for raised intracranial 
pressure, 127, 

Hypertonus and hypotonus. See Muscle 
tone, 

Hypervitammosis-D, 1012. 

** Hypnotoxin and sleep, G86, 


HypocaUwmia, 1007, 

Hypoglyccomla, adnmaline fur, 21G. 
adrenaline seerotion in, 721. 
after t^xtirpation of liver, 824. 

hypophy.se<’,tomy, 027. 
for Ht‘hi7.ophrenia, 015. 
from inje<4.ion of insulin, 014. 
glucose ft)r. OIG. 
in elinieal hypt^rinsiilinism, 916. 
on gastric Hi‘(Tetion, 785. 

liver, 858. 
symptoms of, 015. 
treatment of, 016. 

unre.spt)nsiven<‘SH, 021, Sve Glucose in 
blood. Insulin. 

Hypoparathyroidism, post-operative 
UK)4. 

treatment, lOOG, 
serum T in 

Hypophyseal diabetes, 018. 

Hypophysis. Sm Pituitary. 
Hypopituitarism, 040. 
llrissaud tyin*, 041. 

** Fat boy (.loe) in Pickwick Papers 

041. ' 

Lorain typt\ 040, 

Hyporibollavinosis triad, 1024. 
Hypotension aftt‘r luemorrhage, 82. 
in Addimm's disease, y.e. 
shock, 240. 

Hypothalamus, 716. 
anatomy of, 665, 716, 
and cortieal movement, 620. 
eortical eoniuM'tions, 665, 660. 
deseeiulinfj motor fibres from, 630, 
diseases of, 717. 
functhms (»f, 716. 
nuclei of, 716. 

relation to emtitional o.Kpr{)88i()n, 666 

668 , 

to gastric uhu>r, 7B0. 
obesity, 718, 
parasy m pathetic, 7 1 6, 
jHTHonality, 670, 674. 
jjiosterior pituitary, 42, 47, 
ragis reaction, 665, 671. 
sU‘<^p, 718, 
syinfsithetic, 716. 
temperature regulation, 473, 717. 
thalamus, 665. 

Hypothyroidism, 082, 086. 

Hypotonic saline, action on (ierobrospinal 
huid, 126. 

Hypoxanthine, 807. 


ICSH, action on testes, 1113. 
Icterus gravis, 180, B33, 

Ilcocacal sphincter, 812. 
Imbeoillitas phenylpyruvica, 890. 
I Xmino acid, 885. 
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Incompatible blood transfusion, 181. 

Indican, 900. 

Indoxyl potassium sulphate, 900. 

Infant Hercules, 967. 

Inferior corpora quadrigemina (colliculi), 
572, 702. 

Inflammation, 222. 

leucocytosis producing factor, 221, 223. 
leucotaxine, 222. 
necrosin, 223. 

Infundibulse in lungs, 363. 

Infundibular stem of pituitary, 41 
“ Inhibin,” released by testis, 1114. - 
Inhibition, central, 528, 542 el seq., 1126. 
conditioned, 678, 680. 
differential, 679. 
external, 678. 
extinction, 679. 
internal, 679. 
of respiratory centre, 388. 

vasomotor centre, 739, 
peripheral, 1127. 

reciprocal, 386, 545, 590, 601, 634, 638, 
649, 1123-1128. See Re- 

ciprocal innervation, 
reflex, 542. See Reflex action. 

Inhibitory afferent, 542. 

Initial heat in muscle, 431. 

in nerve, 491. 

Injury potential, 484. 

Inosinic acid « hypoxanthine + ribose 

H3PO4. 

Inositol phosphoric acid, 998. 

Insensible perspiration, 467. ^ 

Inspiratory capacity (complimentary air), 
362. 

Inspiratory centre, 384. 
and apneusis, 386. 
isolated, anoxia on, 402. 

COj on, 395. 

Insulin, 910. 

action after hepatectomy, 910, 915, 
after vagotomy in man, 785. 
in tabetic, 925. 

eviscerate preparation, 911. 
liverless animal, 915. 
normal man, 914. 

Simmonds’ disease, 931, 
on gastric secretion, 785. 
hexokinase, 913. 
liver, 859, 913. 
muscle, 911. 

respiratory quotient, 925. 
tissue enzymes, 913. 
vagus centre, 785. 

and histamine test of gastric function, 7 86. 
anti -insulin serum, 927. 
anterior pituitary and, 913. 
antagonizes diabetogenic factor, 914. 
chemistry, 910. 

effect on rate of conversion of glucose 
to fatty acids in liver, 913. 


Insulin, effect on glucose dissimilation and 
“ utilization,” 912. 
glycogen deposition, 911* 
fipogenesis, 913. 
neoglucogenesis, 857, 914, 920. 
hyperinsulinism, 916. 
hypersensitivity, 927. 
hypoglycsemia from (g.v.), 914, 
symptoms in man, 915. 
therapeutic use, 915 n. 1* 
treatment of, 916. 
islets and {q.v.), 909. 
mode of action, 911. 
mode of administration, 925. 
protamine, 926. 
re^ar, 926. 
resistance, 927. 
retard, 926. 

secretion of, blood glucose evel and, 
917. 

by pancreatic graft, 917. 
continuous, 916. 
control of, 916. 
excessive, 916. 
vagi and, 917. 
sensitivity, 926. 

in Addison’s disease, 956. 
test of gastric function, 785. 
zinc, 926. 

zinc and protamine, 926. 

Interlobular (cortical) arteries of kidney 
25. 

veins of liver, 818. 

Intermedio-lateral horn, 705. 

Intermittent claudication, 361, 751. 
Internal arcuate fibres, 697, 698. 
capsule, 632. 
environment, 1. 
and kidney, 22. 
constancy, 1. 

(medial) geniculate bodies, 572, 702. 
Intemuncisd neurones, 527, 529. 

Inter-renal body, 944. 

Interspinous ligaments, injection of hyper 
tonic saline into, 748, 
Interstitial cells of ovary, 1067, 
of testis, 1104. 
fluid, 1, 3. 

composition of, 6. 

exchange with intracellular fluid, 7. 
plasma, 6, 17-18. 

Intestinal bacteria, ^thesize vitamms 
1020, 1026, 1032, 1038. 

“ Intestinal intoxication,” 817. 

Intestini^ obstruction, 108-110. 

of small intestine (simple), 108. 
chemical changes in, 108. 
low, 109. 

treatment of, 109. 

results of sodium chloride depnvation, 
108. 

water deprivation, 108. 
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Intestine. /Sica Small intestine. T^nigo 
inteftilno. 
f^radients in, 807. 
nervo supply of, 714. 710. 
sorLsibility in, 702 at m/. 

Intracellular lUild, 2, X 

changes after water drinking, 50. 
in NaOl deprivation, 01. 
excess, 02. 

in water deprivation, 04. 

(‘om position of, 2, 5. ^ 
exchanges with interstitial llui<i, 7. 
volume, 11. 

Intercranlal pressure, raised, actitm of 
hypertonie saline on. 127. 
eOect on blood pressure, 211. 404. 
lioart rate, 274, 
respiration, 404. 
in cerebral tumour, 120. 
hydrocephalus, 125. 
uraunia, 77. 
water intoxication, 51). 
relief of, 128. 
serum treatment, 120. 

Intralobular veins of liver, 818, 

Intrapleural pressure, 208. 

in pneumothorax, 208. 

Intravascular thrombosis, 147. 
decubitus, 140. 
post-operative, 1 40. 
prevented by di(;oumarol, 154. 
by heparin, 147. 

Intrinsic factor, 200. 

Inulin clearance in water drinking, 58, 
measures glomerular filtration, 25, 
28. ‘ 

Invertase, 700, 825. 

Involuntary nervous system. /Sea Auto- 
nomic nervous system. 

Iodide, action of blood level on thyroid, 
972, 975. 

conversion to iodine by thyrohl, 074. 
soloctivo absorption by tbyroiil, 072. 
Iodine, dedekmey, results of, 087. 
for thyroid hyperplasia, 082. 
ill blood, hormone (procipitable, protis'n- 
bound), 070. 

inorganio (tiltrable), 070. 
in thyroid disease, 070, 084 , 900. 
in diet, 987, 1056. 
intake, 972. 
in thyroid, 972. 

radio-active treatment of Oraviss" 

disease, 997. 
requirements, 1050. 
therapeutic use, 958. 
thyroxine synthesis, 973, 975, 
treatment of Graves’ disease, 094. 
simple goitre, 988. 
lodopsin, 1022. 

Ions, movements in nerve activity, 485. 
physical nature of, 11. 


Iron, absorption of, 208. 
tli‘ficicmy anamiia, in infants and voune 
children, 207, 212, ® 

in pn^gnnmy and lactation, 206, 212. 
rOle of nuuist.iMKil blood loss, 205, 
distribution, 294. 
t‘Xcrction of, 205. 
for amemm., 2(Hb 
in blood, 208. 

lucmochromatosis, 2 1 2. 
lack of, in milk, 1000. 
metabolism of, 205-214, 
rarlio-a('tiv<‘, 200. 
n^sults of dclicicncy, 205. 
sonn'cs of, 2o5, 1050, 1050. 

.stimulatt\s btmc marrow, 212. 
Irradiaticm, 520. 
ls(4iu‘mia of nerve fibres, 1004, 

Ischsemlc pain, causation of, 751. 
in heart, 750, 752. 
muscle, 751. 

limb, nerve idianges in, 751. 

Lschicmic (renal) hypertension. Bee Hyper- 
Umsiom 

Islets of iangorhans, ooo. 

action of alloxan on, 010, 

antt^rior pituitary on, 018. 
blood glueo.se on, 017, 918. 
tliyroid on, 018. 

afttT obstruction of panoreatio 
<lu(‘ts, 000. 

control of secretion of, 916. 
hyp<u*gly<^}emia factor of, 910, 918, 
n. i, 

in liialietoH nudlitus, 010. 
in.sulin secreted by, 910. 
lesions of, 918. 
nerve supply, 917. 

Htructim> ot, 900. 
tumours of* 016. Bee Insulin. 
lHO-alloxa/int% 1027. 

Isocortcx, (U2. 

Isodehydroandrosterone, 1110. 

Iso-electrie point of protein, 124. 
Isuleucine, 870. 

Isomerization, 848. 

Isometric eontruidion of muscle, 427, 600, 
phase of heart, 256. 
rela.xation phase of heart, 258. 

Isotonic contraction, 427, 421. 

Isotopes, radio-active, 006, 
stable, 906. 

use in metabolism studies, 906, 907 


Jacksonian fits, 121. 

Jaundice, 190. , 

acholuric (congenital hamiolytic), 229. 
after hepatect.omy, 825. 
alkaline phosphatase and, 1002. 
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tfaundice, blood cholesterol in, 799. 

“ dissociated,” 190. 

from injection of incompatible red cells, 
181. 

hsemolj^ic, 181, 190. 
in pernicious anemia, 186, 196. 
obstructive, 191. 

vitamin-if lack in, 152. 
of new-born, 192. 
toxic and infective, 191. 
urine in, 193. 

van den Bergh’s test for, 189. 
Jejuno-ileal insufficiency, 797. 

Jugular vein, pressure changes in, 259. 
a-c interval in disease of bundle of His, 
260. 

in extra-systoles, 260. 

Junctional tissues of heart, 233. 


Kangaroo (“ desert ”) rat, ADH in urine, 
1090. 

Keratitis, 1031, 1035. 

Kemicterus, 660. 

Ketogenesis, 869. 

Ketogenic amino-acids, 887. 
a-Ketoglutaric acid, in citric acid cycle, 
851, 852. 

Ketone bodies (ketones), 90, 869. 
formation, 870-872. See Fat, dissimila- 
tion of. 
formulae, 869. 
in blood, 870, 
inter-relations, 870. 
utilization of, 430, 923, 924, 

Ketosis, abolished by insulin, 875, 925. 
after hyperpncea, 408. 
causes of, 875. 
compensation for, 924. 
definition of, 90. 

from anterior pituitary extracts, 875, 
937. 

in diabetes mellitus, 875, 923. 

starvation, 875, 901, 924. 
low glycogen and high fat content of 
fiver, 870, 875. 

relation to carbohydrate’ metabolism, 
' 875, 

relation to diet, 875, n. 3. 
17-Ketosteroids in urine, 952. 

Kidney, 21-79. 
action of adrenaline 728. 
of adrenal cortex 945, 955, 

960, 961. 

antidiuretic hormone {q.v.), 29, 49, 
51. 

cortisone, 961. 
hypertensin, 350. 
parathormone, 1004. 
phloridzin, 29. 32. 36. 
thyroxine, 979. 
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Kidney, after complete hypophysectomy, 
930. 

ammonia formation by, 22, 97. 
artificial, 78. 

blood flow, in cardiac failure. 111. 

measurement in man, 35. 
blood supply of, 24. 
of cortex, 26. 
medulla, 26. 

calcium excretion by, 991, 999. 

“ clearance ” by, 34, 40. 
chemical transformation in, 23. 
circulation, 21. 

concentration of glomeruler filtrate, 
29. 

diodrast clearance, 36. 

Tm, 40. 

diseases of, 70 ei seq. See Hypertension. 

Nephritis. Nephrosis, 
effect of ammonium chloride, 98. 
of citrate ingestion, 98. 
emotion, 53. 
exercise, 53. 
fluid loss, 66, 83, 105. 
haemorrhage, 83. 
high altitudes, 401. 

KOI, 62. 
meals, 99. 

NaCl excess, 62. 
lack, 64. 

overventilation, 98. 
saline ingestion, 62. 
saline injection, 60. 
sleep, 70. 

urea ingestion, 69. 
water deprivation, 66. 
drinking, 57. 

excretion of end products of protein 
metabolism, 22, 70. 
filtration-firaction, 27. 
functional tests, 34r41, 70-73. 
functions of, 21-23. 
glomeruli of, 23, 25, 27. 
filtrate of, composition of, 28, 31. 
volume of, 27, 35. 
permeability of, 28. 
pressure in, 25. 
structure of, 23. 

glucose reabsorption Tm, 41, 927. 
hippuric acid formation, 23. 
in Addison^s disease, 955. 
infants, 67. 

essential hypertension, 354. 
ischmmic hypertension, 351. 
pyloric obstruction, 105. 
traumatic shock, 343. 
inufin clearance, 35, 38. 
ischaemia of, 351. 
cortical, 26. 

juxtameduUary glomeruli, 26. 
nerve supply of, 27. 
no-threshold substances, 29. 
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Kidney^ format ion, 1)5. 

pituitary gland and, 45 55. 
regulation of tUild content of body, 4, 21. 

55-70. 

of o.sniotic reiiit iona, 22. 

HMu-t ion of hloo<i, 22, 04, 401, 
urino vohimo, 70. 
removal of, 72. 
rOIe of plaama proteins, 27. 

Hoereiitm '' by t ubules, .22, 27. 
sensibility of, 700. 
shunts. 20. 
stnieture, 22. 
tliresliohl Hul)M0me<‘s, 20. 
tubular exeretory mass, 40. 

exeret<»ry maximum ('rm), 20, 40, 
tubule Oitiresis, 00. 

tubules of, aetion of antitliun'tie lH»r- 
mone, 51. 

baek dilTusion in, 21. 

exeretiou (“ seeretbm ’’) by, 21, 22, 27. 

forwar<i di If union, 21. 

funetioim of, 22, 

glueoH(^ absorption in, 20. 22, 027, 
osmotie of tluiti in, 22. 

work, 20. 

reabsorpt.km (in frog), 22, 

(in mammal), 28, 22, 58, 
reabsorptiv<5 muss, 41. 
reaetion of Ouitl in, 22. 
urea (‘l<‘aranee, 24, 20. 
urea eliMiramu* test* 20, 
urea etmeiuitration test, OtK 
vasa re<*ta, 20. 

-iSVc ClyeoHuria. Unemia. Urine. 

Kilt, spetmlation about iOleet on testis, 

1110. 

Klinefelter’s symlroims 1114. 

Knee-Jerk, 044. 

a fra<*tionat{*d stn^ti'k retle.x, 58ib 
aft.er tranH-H<*etion of spinal eord, 000, 
002. 005, 000. 

(‘cuttral vagus stimulation on, 705. 
in certsbellar lesions, 010. 
pyramidal lesions, 014. 
sleep, 085. 
striatal dist^ase, 050. 
tabes, 502. 
pendulum, OIO. 

K.O.a, 1005. 

Kraurosis vulvie, mstrogens for, 1082. 
Krebs eitrie aeid eyele, 850, 851. 

urea cycle, B87, 

Krogh*$ ©rotonometer, 207. 

Kupifer, stellate cells of, 1S7, 810, 
Kwashiorkor, 800. 


Labyrinth. See \’oHtibtjlar apparatus. 
l.abyrlnthlne reflexes, 501, 502, 
Lachrymal gland, nerve supply of, 714, 
l4actarbumin, 1005. 


Lartase, 700, 825. 

Lactation, Mammary (llaml. 
Lactwils, H02. 805. 

Lactic acid, formation from glycogen, 429. 
from pyruvic acid. 420, H^O. 
glyoogen formt'd from, 828. 
in blood, 428 vt .svf/, 

in thiamim' dc0<‘icn(‘y, 1021. 

violent exercisi', 428 ti ,svv/. 
o.xygen <iebt and, 420. 
in heart, 227, 
muNch\ 420. 

Lai'tic dehydrogtmasc, 840. 

Lactogenic hormom^ {prohu*tin), 1082, 
Latdo.se, 825. 

Ltd’t a.tis thwdation, 255. 

La'vulost'. Str I'’nud.ost^ 

Large Intestine, functions of, 8i4. 
gas ft^rmctl in, 820. 
movements of, 812. 
nerve supply of, 710. 
sensibility, 704, Sre Intestine, 
Laryngismus stridulus, 1005. 

Lateral geniculate body, 505, 570. 

Law, all-or«none, 225, *480, 505. 
of HelLMagtuuiie, 558. n, 2. 
forwartl comiutdlon, 520. 

in int<*st.ine, 807. 
gases, 205. 
htmrt-, 275. 

rtdease td' funtd-itm (rtdease phenora 
tmon), 585, 045. 

Lecithin, 801 . HOH. 
in biht, 707. 
blood, 805, HOH. 
tnedullary sheath. 482. 

Leech test ft>r acetylcholine, 720, 
Lemniscus, latt^raL* 572* 7<K), 
mctiial, 502, 700. 

Lengthening, rtuudion, 580, 042, 

Umcine, 870. 

Leucocytes, 217. *SVc Hosinophil. White 
blootl oorpuHcIes, 

Leucocytosis, 2 UK 
after snlenectomy, 221. 
in cerenrospinal iluitl, 121, 
inflammation, 221. 
protlucing factor, 221, 222. 

Leuoopenia, 2 UK 221. 

Leu<H>|>enic factor, 222* 

UmcopoiesiH, control of, 220. 
Umcotaxine. 222. 

Leukcemia, bawd mctabtdisiu in, 280. 
blood uric atud in, 808, 
spleen in, 225. 

Light, action on skin blood vessels, 328 
reflex, 578. 

synthesis of vitamin-i) by, 1009, 1011. 
Lightning jmins, 50L 
Lipiemia, 805. 

Lipase, 770, 790, 790, 862. 862, 864. 
Lipides (liptns, lipoids), cephalins, 861, 
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Lipides, oompouud lipides, 861. 
in adrenal cortex, 5)44. 
lecithins (q,v,), 861. 
neutral fat, 861. 
oleic acid, 8G], 
palmitic acid, 861. 
phospbolii)ides (phosphatidos), 861 
saturated and iinaaturated, 801 
simple lipides, 861. 
sphingomyelins, 861. 
stearic acid, 861. 
triglycerides, 861. 
waxes, 861. 

See Cholesterol, l/’at. 

Lipiodol, injection of, 130. 

Lipocaic, 868. 

Lipogenesis, action of insulin on, 913 
Lipoid. See Lipide. 

Lipoid nephrosis. See Nephrosis. 
Lipotropins (Lipotropic factor), 867. 
rdle of betaine, 868. 
choline (q.v.), 868 
lecithine, 868. 
lipocaic, 868. 
methionine, 867. 

Liquid paralEn, absorption of, 864. 

Liquor foUiculi, 1066. 

Liver, 818-834. 
adrenaline on, 727, 867, 
alkaline phosphatase and, 1002. 
anterior pituitary on, 867 et sea, 
acute yellow atrophy, 833. 
anoxia on, 821. 
bile capillaries, 819. 

bile salt formation and, 797. See Bile 
salts. 

bile secretion by, 797. See Bile, 
biliary obstruction and, 804. 
bilirubin and, 188, 189. 
blood coagulability and, 831. 
formation, 824. 
glucose regulated by, 858. 
storage in, 821. 

bromsulpbthalein excretion test, 830. 
capillaries of, pressure in, 18. 
carbohydrate metabolism and, 856 et sea. 
centralobular cells, 820. 
cholagogues on, 800. 
circulation in, 818. 
cirrhosis of, 869. 
complete extirpation of, 824. 

amino- acid and ammonia, 886. 
bile pigment metabobsm, 825. 
blood changes, 824. 
carbohydrate metabobsm, 824. 
hepatic insufficiency, 826. 
^ypoglycsemia in, 824. 
in diabetic, 920. 
jaundice after, 825. 
nitrogenous metabolism, 825. 
urea, 886. 

composition of, 827. 

38 



Liver, conjugation with acetic acid, 828. 
with glucuronic acid, 828. 
glycine, 828. 
sulphate, 828, 
cysteine on, 827. 
deamination in, 886. 
detoxicating action, 828. 
dicoumarol on, 164. 
diet on, 827. 

Eck’s fistula, 826. 

excretory failure, 829. 

extirpation, partial, 826. 

extracts for haemorrhagic anaemia, 210. 

for pernicious anaemia, 198. 
fat metabolism and (q.v.), 866 
fatty, 821, 867. 
causes of, high fat diet, 867. 
kwashiorkor, 869. 
pancreatectomy, 867, 
starvation, 867. 
effects of, 867. 

diffuse hepatic fibrosis (cirrhosis) 
869. 

fibrinogen formation. 137. 
flocculation tests, 831. 
functional efficiency tests, 829. 
functions of, 823. 
galactose tolerance test, 830. 
glucose ^ glycogen in, 856. 
glycogen 837. 

haematinio principle in, 198. 
heparin from, 144. 
hepato-renal syndrome, 834. 
hippurio acid test, 830. 
hormones on, 856, 859. 
icterus gravis (acute yellow atrophy), 
833. 

icterus neonatorum, 192. 
in hyperthyroidism, 821. 

jaundice, 190. 
insufficiency of, 826, 829. 
iTisnlin on, 913 et seq. 
ketogenesis in, 868. See Ketones. 
Kupffer cells of, 187, 819. 
bpotropins on {q.v.), 827, 828, 867. 
macrophages of, 819. 
mast cells in, 145. 
methionine on, 827. 
neoglucogenesis in {q.v.), 857. 
nerve suppty '711. 
oestrogen metabobsm in, 1078, 1079. 
oxygen supply of, 820. 
parenchymal failure, 829. 
plasma proteins and, 137, 825, 831, 
832. 

portal obstruction, 822. 
portal venous pressure, 822. 

vein, 818, 819. 
protective function, 828. 
protein lack on, 827. 
protein metabolism and, q.v. 
p-j^Q-jjhionahin and, 142, 153, 831. 
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Uvor, hmI t't'lls l>y, iST. 

toriut’d l)y. UiO. 

4>t', 

n'lation in syntotu^ 

1H7, 

reserve, 82U. 
soltniiuni o»* H27. 

Ht'UHibiUty <>i\ 7t)0. 

8i‘nun aliainiin t'(>n«a'nt.rati«*n trai. H,*U, 
S‘i>U 

NtiMjoturo. of, HIS. 

HViithowis in, S21. 
toxi|)athi<* hopatitis, H2H. 
trophopaihio ht^putitis, SiiS. 

fortiuai in, SSti, 
viUiuin-ZC trst.. SHI. 
vitainins in. Sa\ />. 

woighi variat i<iii:s Sii7. 

Locali'/iil'ion (*f .sUinuhw, 570. 

in rotit'X lu'tion, 

OoiMilatioti Hyinlronu', I2U. 
‘VLon^'firfuitinj' in rolio\ artion (tiolny 
patha), oHtK 
hoop of Honlo, IJH. 

(..omin t.ypn, 1)10. 
how*(‘uoixv phoHphiih' bontl, HIK 
Ijowor luolor tunuHaus diHt*aHf. of, 

505. 

htulio <'urv<s 1H2. 

Lurnbac punciuro. UtO. 

Lung$» aOVr(‘«t fihrtss from, 3H7, 747. Str 
VagUH. 

i’ollapHO ()f. Nf(' (U»lla]>H«‘ of 

dlseasos of, *SVfl Kinphymuna, Pmnt. 
tnonia. l*noumothorax. Kto. 
ano.xia in, 417, 
fyanoHis in, 45:2. 

OyNpmna, 450. 

MaHnutm inlnnluuigo.s in, HOO. 
hmt loKH, 4(i0. 

HonHibility of, 74(h 

voluino, li02, A'rr tkoathinii;, Dynpiiina. 
RoHpiratory anntrn, Ktn. 
Ijutniii, 1007. 
tmnour, 1080. 

hutnini/an)4 hormotm (hli), lOSH* lOHO. 

^Vf! (lumuiotrophiu. 

Lutooitln, 1077. 
laitnoiropbin, iOHH, 

Lymph, 10. >S7.vf Ti.MHno Iluiii. 

fat im 805. 

LymphaticH, 10. 
abHorption of fluid into, 18. 
ol>Btruntio*i of, uHloma in, 110. 
LymphoblaHt, 218. 

Lymphocytos, 218* Whito blotul t‘or« 

puHtde. 

<loBtroytHl by thyunm, 1017, 
in thyin\iH, 1010. 

LymphooytoHiB, 210. 

of ccrobroBpinal fluid, 130. 

Lymphoid tiwmeH, growth curvn an<b 042. 


Lysint*, S77. 
dilit’ii'Ut’v, SSI, 


MjoTt>pUugos. lS7, 

.MiU’rophup,i‘ Hynttuu. Svr Mcthnilo-wido 
tlulial sy.stoin. 

Muruta, iV.Hi, 

lutna, fibrr.s from, 575. 

MagnoMinm, in intnuMlbibr fluitl. 5. 
in plasnin, 0. 

Hutphatn. artioit on giUMjhuldnr, 802. 
mrtlu»d of dilorminitig rirrulation 
tiino, 2r>.*i, 

.Mai/.n, rolatnm to pnllagru. OKI?. 

Male sex horotone. Andri»|u;nnH, 

Malpighinn rorpuMoln, 23, 223. 

Maltuso, 700, s;t5. 

MaUos<*, 835. 

Mammary gland, tool. 

artiim of progrstrrono on, U)02. 

Ilf o‘Hfroj.»nn oti. 1070, 10U2, 
pituitury on, lOOl. 
prolai'tm oti, IttOI. 
mn'kbng ^>*0 lOOl. 

Mtyriiid on, 070, 1004. 
at birth, hH)2. 

pubnrty, lOOH, 1002. 
fam nr of,' lo70, lt)H2. 
rontr<d of tb'vniopnnnd, HH)2, 
ibtring pri'i'tianfy, 1002. 
format iori tif milk ronstitunnbs, 1070, 
iftllutamn of luTvo wupply, lt)03, 
phna'itta. It 102. 
in inimMrttal ryi-ln, 1002, 
lactation, itioa. 

amnnorrlnoa iluring, 1005, 
i^a manlH, lOOtt. 

irdim*nrn of horimmoH on. U)03. 
ntilk disrhargi*, lt)04. 

nnrrHion, tt)03* 
mdritional nnoda tiL 1005. 
r5lo of nxytorin, 1001, 

HOu'ihty during, 1005, 
vitamin f<apurmnnntM of, 1021. 
niyonpithnliutu of, 1001. 
nlatiim to tttnrtiH, lt)05, 
ii»n of, 1003. 

Htrunturnof, 1001. *SVi’ Milk. 
.Mammillary body, 050, 710. 

.Marrlu*H Htain, 100. 

Marn>w, rntl. *SVr Hotio marrow. 

Mhhm paristalsiH, Hi 3. 

nsfU^x, 002, 
iMimt nnU.M, 145, 

Mechanical cHlcloncy, and tlyafimna, 455. 
in nxophthalmii* giiit.rn, 450, 
of muHrln, 431. 

Mnnholyl, action nn panernaa, 703, 
MncknlV (nphnno- palatine) ganglion, 714. 
Me<liun ennneiUHS 41, 

Median longitudinal Immlle, 507, 700. 



INDEX 


1163 


Medulla oblongata, 00(5. 

centres in, 697. 

Medullary anaemia, effects of, 464. 
from cerebral tumour, 125. 
sheath, 482. 
striae, 672, 700. 

Megakaryocytes, 155. 

Megaloblast, 164. 

in pernicious anaemia, 196. 

Meissner’s plexus, 714. 

Melanin in skin, 957. 

Melanophores, pituitary and, 44. 

Membrana granulosa, 1065. 

Membrane of capillaries, permeability of, 

6. See Capillaries, 
polarised, 484. 
semipermeable, 6, 13. 

Meninges, arrangement of, 118. 

Meningitis, cerebrospinal fluid in, 131. 
Meningo-vascular syphilis, cerebrospinal 
fluid in, 131. 

Menopause, 1068. 

gonadotrophin in urine, 1085. 

Menstrual cycle, action of oestrogens, 1079, 
1082. 

anovulatory, 1072. 
creatine in urine, 894. 
disturbances, oestrogen treatment of, 
1082. 

experimental uterine bleeding, 1072. 
inhibited in pregnancy, 1()81. 
mammary gland changes in, 1092, 
mechanism of, 1072, 1073. 
menstruation, 1072. 
ovarian hormones in urine, 1077, 1086. 
premenstrual (progestational) stage, 
1071. 

progesterone and, 1080, 
proliferative stage, 1069. 
relation of oestrogen and progesterone 
to, 1072. 

temperature during, 472. 

Mesentery, pain from, 765. 

Metabolic pool, 853, 855. 

Metabolic rate, determination of, 372, 375. 
effect of exercise, 380. 
food, 380. 

factors influencing, 378. 
relation to breathing, 393, 405. 
to heart output, 380. See Basal 
metabolism. 

Metabolism, endogenous and exogenous, 
890. See Basal metabolism. 
Carbohydrate. Diet. Fat. 
Protein. 

Metabolism o! cells, study of, 904. 

examination of tissues and excreta, 904. 
experimental techniques, 905. 
isolated and perfused orgap, 906. 
study of errors of metabolism, 905. 
use of isotopes, 905. 
of modified metabolites, 905. 


Metabolism of cells, study of, use of surgery 
and drugs, 905. 
of tissue homogenates, 906. 
slices, 906. 

Metabolites, action on capillaries, 320. 
on arterioles, 317. 
and tissue fluid formation, 20. 

Metachromasia, 145. 

Metahypophyseal diabetes, 918. 

Metaproteins, 876. 

Metathyroid diabetes, 918. 

Methsemalbumin, 187. 

Metheemoglobin, 174. 
formation in blood, 449, 454. 

Methsemoglobinasmia, ascorbic acid for, 
454. 

Methionine, 87^ 882. 
action of NClg (agene) on, 1059. 
adrenaline formation, 883. 
choline formation, 883. 
creatine formation, 883, 893. 
conversion to cysteine, 882. 

to homocysteine, 882. 
lipotropic action, 867, 882. 
methyl donor, 867, 882. 
protective action on liver, 827. 
relation to canine hysteria, 1059. 
selenium poisoning and, 827. 

Methyl alcohol, acidaemia from, 102. 
donors, 882. 
groups, labile, 882. 

synthesis of, 884. 
testosterone, 1110, 1111. 
thiouracil, treatment of Graves’ disease. 

996. 

Metoestrus, 1074. 

Micturition, 767-773. 
after division of sympathetic, 771. 
injury to afferent nerves, 771. 

sacral autonomic, 771. 
trans-section of spinal cord, 692, 
772. 

bladder(urinary), 767. 
adrenaline on, 767. 
afferent fibres from, 899. 
efferent fibres to, 712, 767. 
pituitrin on, 47. 
postural activity, 768. 
response to stretch, 768, 769. 
sensibility of, 763. 

sympathetic section and stimulation 
767, 771. 

cortical control of, 768, 771. 
enlarged prostate and, 772. 
in children, 771. 

emotional states, 771. 
lesions of pyramidal tracts, 772. 
obstruction to bladder, 772. 
tabes, 770. 
volunta]^, 770. 

Midbrain, structure of, 701. 

Milk, colostrum of, 1095. 
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Milk, I'otnjMUsition UK)r>. 

I’ondiiions iuJlurucin^j;, IIUM). 
on'ft't of KUKK 

orif^in of of, 

ralionin/^ arran;;'fnu‘nts, lUUL 

secretion of, lou;}, 

*S‘(r Mammary 
Mim^ni!ocorti<‘oi<l.s, iJoS. 

Minnesota o\pt‘rimont (Nrvio*' t-ulorio 
(loiit’iotK'y), 

Mitral disease, pulmonary cimilaliim in, 

;U)7. 

inrompotoiua’, 
ryariosis in, -ka'i. 

(lywpmra in, 

t'NaMro<'nnli<»^r;un in* «17, 
(\\p<‘rinmntal, 

tinn^ of hucklhnv, 21Hi. 
ri^ht vontritmlar pro.ssniv in, 2<»U. 
iSjonosiM, 2117. 

Heart, failurt'. 

Mormlvow\s Immlle. Str 'rraet-, rubro- 
spinal. 

Monoeytes. 2M. 

dev(*lijpimuit of, 21tb 
Miuioglyeoridea, StU. 

Monoum'lnnr eells in blood, 2M. 

in eer(‘brospinal lluid, IIH. 

Mohs dbre.H, (iOti, 

Motor oorlox, ^s’rr Cerebral etnlex. 
nerves, alTeiauit. nbn*a in, botl. 

<dnunieal tran.smitter, bllb 
(amduetion ral(‘ in, dU2. 
siiinnlation nf, *IHH. *sVe Mnsele, 
Nkeletal, 

maironoM, dlsehar^^e rate of, n(H, *>11, 
(MH. >SVe Keflex Art ion. 
point, r>0(). 

unit, properties of. -lOU. 

Mountain sieknesH. iStr. Anoxia. 

Movement, atiiofnatie, tM7, 
reflex. *SVr Ibdlex aetion, 
vobmtury, *S*/v. Vt)lnntary nnnement. 
Movements of e(n>[>eration, br>2. 

Muein, 77b, 

Mtieo-polyHae<‘handes, H.'IO, 

Muil(^^'s mtiside, 7i)K. 
lluid, -itm. 

Musearine action of aeetyleboHm*, 7 IS. 
Muscle, eardiae. A’re Ht'art musrde. 

Muscle, skeletal, aeetylehoiiiie ns tnins- 
mitter U>, blli. 
aetin and aetomyosin, 420, 
action of aeetyleboline, 427, bbt, 
721, 

adrenaline on, 521, 727, 
antieholim'sterases, 5 1 5, 
botulinus toxin of. 517. 
cortisone, 1)02. 
curare , 502, 510. 
ephcHirine, 510, 
cserine, 515. 


Muscle, skeletal, art inn t»f pota,ssium, 517. 
pro:4i‘«intm*, otHi, 
quinine, 521. 

ju’tioii potential;, in. (27, 502. 
adeiweatie tripho: phafe in. .)27, -121). 
adrenal eorte\ and, O.jtb 002. 

;erobit* eontraetiofi. 120. 
atlerejn imptdse.i frofu. all). 

nervi* etidiiu^M m, 5 lt>. ;vn. 

” all'iu* mme ’* la^\ , 5n5, 
auiorobie eont ratUion, 42!). 
asynehromuiM Ntimulatiou of, ,^>0I 
oS2, 5S*». 

blood veaM'la of, Ht)S. 

biooil flow elianin.’N in e\(U'eiae, *112, 4;i;j 

earntiaiue in. 127. 

chemistry td. 420 .vy. 

idiolinesteraae in, oi l. 

ebnmaxie of . oOT. 

eiUisiitmmfN, 42t». 

etmiraethm of, 427. 

et>nfra<’ture, .M2. 

eixsatine in, 427. 

ereatim' phosphate in, 427. 

iienervatisb 505. 505. 

exeifahility of, 500. 
dor.sal naO jitinmlation on, 721. 
eha trieal ehan^i^s in, -127, 502. 
end plate poti'ntia), 427, 512. 
fat ijLOte of, 451, 45S, 5tH, 521. 
fihrillation, 505. 

>»lyet»p,en of, 420, 420, S57. 
heat product ion in, 42S. 451. 

II t ion e<un*i'ntration of, 450, 
in familial periodii* paralysis, 510, 
mya.sihenia v*ravis, 517. 
myotimia con^'etnta. 520, 
isomefrie eotOractiiUi t»f, 427. 
isotonie eont ruction, 427. 
lactic iodd itu 420, 
metdmnieal enieiem\v, 151, 
motor unit, 400. 
mytjsin, 420. 

iedema i>f, iu exen ise, 10. 

osmotic pressure ehan|.o?s, 450. 

phosphap,en in, 427, 

j»roteins in, 420. 

rate of stitnulation of, 500, 

reaction of degenerat ion, 507. 

red and pale, 5S7. 

ref raid ory period of, r» 00 , 

^Sherrington phenomenon, 721. 
spike potential, 502, 

Htinmhition of, 400. 
strength of stimulation of, 500. 
sympathetie and, 521. 
tension developetJ, 500, 505. 
tetatuiH t»f, 500. 
tisstn* fluid fi»rmation in, 10. 
twitch, 400. 

work of, 451. *SVc Muscular exorcise, 
MtJScle U>no. 



INDEX 


1165 


Muscle spindle, 547, 549, 

Muscle tone, 582. 

after pyramidal lesions, 641, 642. 
trans-section of cord, 582. 
of brain stem, 583. 
attitudinal reflexes, 590. 
cerebellum and, 606, 607, 608. 
corpus striatum and, 657. 
fibre type employed, 586. 
in arterioles, q,v, 
bladder, 768. 
cardiac sphincter, 806. 
decerebrate rigidity (q.v.), 583. 
decorticate, 592. 
dorsal root lesions, 583. 
sleep, 685. 
spinal animal, 582. 
stomach, 809. 

tabes, 561. ] 

veins, q.v. 

labyrinthine reflexes, 591. 

. lengthening reaction, 586. 
low metabohsm, 586. 
neck reflexes, 591. 
optic righting reflexes, 593. 
positive supporting reaction, 589. 
pyramidal tracts and, 641, 642, 691. 
red nucleus and, 585, 693, 701. 
regulation of, 593. 
righting reflexes, 592. 
segmental static reaction, 590. 
shortening reaction, 586. 
static reactions, 590. 
stretch reflexes, 584. 
sympathetic and, 521. 
unfatiguability, 586. 
vestibule and, 585, 601. 

Muscular dystrophy in rat, from vitamin-^J 
lack, 1087. 

Muscular exercise, 426-442. 
acidsemia in, 441. 

adrenaline secreted in, 434, 731, 732. 

alactic acid debt, 439. 

blood flow in muscles, 280, 308, 432. 

blood pressure, 435. 

blood reaction, 440. 

capillaries in, 320, 413, 435. 

circulatory changes, 432. 

coefficient of utilization of oxygen, 413. 

coronary circulation, 238. 

dyspnoea, 441. 

eJOfect on flow of urine, 53. 

on S.A. heart block, 282. 
excess metabolism of, 436. 
fatigue in, 438. 
heat exchange in, 442. 
in heart failure, 461. 
lactic acid, 438. 
mechanical efficiency, 431. 
mixed venous blood in, 437. 
output of heart, 280, 433, 437 . 
oxygen consumption, 436. 


Muscular, exercise, debt, 435. 
pulmonary ventilation, 389. 
rate of heart, 272, 433. 
recove^ from severe, 439. 
redistribution of blood in, 434. 
respiratory changes, 389, 437. 

quotient of, 374, 437. 
rise of temperature, 434, 472. 
second wind, 442. 
stifihess of muscles, 19. 
sweating, 442, 475. 
tissue fluid exchanges, 19, 320, 435. 
varieties of, 435. 
venous return in, 433. 

See Muscle. 

Myasthenia gravis, 517, 1017. 
action of ephedrine, 519 
of potassium, 519. 
prostigmine, 518. 

Myelin, 482. 

Myeloblast, 216. 

Myelocyte, 216. 

Myenteric plexus, 714. 

Myoheemoglobin, 204. 
crush syndrome and, 343. 
in muscle fibres, 587. 

Myosin, 426. 

and muscle contraction, 427. 
adenosine triphosphate, 427. 
Myopathy, caused by vitamin-i? lack, 894. 

creatine in urine in, 894. 

Myotatic reflexes. See Stretch reflexes. 
Myotonia congenita, 520. 

quinine for, 521. 

Myxcedema, 982. 
anaemia in, 194, 984. 
basal metabolism in, 983. 
blood changes in, 984. 
heart in, 985. 
thyroxine for, 977. 

Naphthoquinones, relation to vitamin-J?, 
151. 

Neck reflexes, 591, 593. 

Necrosin, 223. 

Neoglucogenesis, 857. 
control of, 858. 
in diabetes, 857, 858, 920. 

fasting animal, 857. 
rdle of blood glucose level, 858. 
diabetogenic factor, 859. 
insulin, 859. 
liver, 857. ^ 
sympathetic, 859. 
scale of, 857. 
sources of, 857. 
amino-acids, 857, 858. 
fatty acids, 858. 
glycerol, 857. 
protein, 857. 

Nephritis, 74-76. 
acidsemia in, 76. 
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Nephritis, blood i-hanf^oH in. 70. 
blotitl proHStiro in, 75. 
blood volmno in. SOi. 

Idifyno-StokoM brratbinj' iti, 77, ‘t<U. 
dyspnoea in, 70, 450. 
riironit' nt'phritis, 70», 115. 
iiub'inji in, 75, 115. Srr U'Momn. 

Udany in, 1007. 
tirannia in, 75. 
uriru' in, 75 ti sn/, 
varintioa of, 74 75. 

Nnphron, Ulb 

Nephrosis, 75, 11*,!. 
cedoma in, \ V2, 
pljusjini in, i 10. 

Hodiinnntntion rod i’orpnsfU\M, I7lb 

trontinoni. of. I IH, t M, 
nrt*a rb‘a,rMma* toat, IIH. 
unm oonoontration tnat, 1 15. 
urinn in, 1 15, 

Nerve, aortic» 
tuniitory. 572. 
cells, nud.al)oliain of, 401. 

Mtrmd-tiro of, 4S2, 

ventral horn. i'itdle.v antitni. Wntrul 
horn wILm. 
chorda tyinpani, 
ciliary, 70H. 715. 
cijchlcar, 572. 000. 
tlcnr(.»HH<ir. Aortic nerve, 
onalngs. <sVr l\c<M'ptorH. 

('rijjjotm, 712, 1 104, 
iibros, 482. 

aocoinniixiation of, 404. 1004. 
action of Ca' oiu 1004. 

nar(u>t.i(*rt on, 480, 
adri'norgic, 508. 
afU^r-putcntiala. 480. 

“albor-nonc " law, 480. 

<4iaii)'CH durinii activity, 400. 
<4iolin<^r^ic, 508. 
chrona.Kic <»f, 405, 

cutaneous^ cilVHdH of ncction of, 550. 

rccovi*ry of function, 555. 
dcj^cncration of, 407, 
cOoctH of Hta^iion of. 404. 

(‘l<,‘ctrical <’hanp:cH in, 485. Str Action 
})ot.cntiai. 
clcctrotonuK, 488. 

('X<ntability of, 480, 
functimm of, 485, 
heat nrodnetion in, 401. 
inipnlHo, 48!i ti .vry, 
injiiry |>ot(3ntial, 484. 
iHclunnua of, 751, 
nuaitillatcd, 482. 
inctaboHftin of, 401. 
uon-incdunatial, 485. 
refractory period of, 400. 
regeneration of, 490, 557. 

8<4iwann 485, 
staining reactions (d\ 408. 


Nerve, Hhres, atrenjOh duratitm (‘urve, 493, 
at met arc of, 4S2. 
varictica td’, 402. 

Nerve, liftb, 5r»:h 5si. 702. 

no taatc tibrt'H in, 581. 
fourth, 705 , 

gh»'i.s«tpbary repeal, 50 1, 714. 
hyp‘>dastrii’, 707. 

hy|»o;d<»:i!'al, tiOS. 
intenmaliu.M, .581, 715, 
lingual. 581, 
oi’uloonottif, 70:1. 
optic, 574. 
prea, acral* 7Uh 707. 
aeventh. .501, 581, <100, 71 1 
.ainua. iS'f'c 1 'arotid aintia. 
sixth, 705. 

.spin.al at'ccjcawy. OOS, 

Kphuichnic, 710, 75o. 
thital, 705. 

VflgUS, f/.C, 

vestibular 507, 7t)0, 

Nervous iinpulac. 485 
Neurihuunm, 485. 

NeuroObrils, 482, 

Neurogetuc ilyspmca, 401 1 
Neurtnic, 482. 

Neuroni>graphy (physhtlogical). 010. 
Neutral fat, HtU. A5c hipides. 

NKt! (jumdat calnrh's). 1025, 
Nieidinainhh', 1020. 

Nicotine* acU»»n of. 715, 745, 

Nicotinic acid. Nicotinic acid aiuldo, Nlco- 
tinaiuide, 1020, 
eoeir/.vine I tt*od), 1 02th 
n((5) U). 1027. 

tUphosphopVfidiiie inicleotidc (DON), 
1020 *. 

rfile in tissuen, 1020. 
sources and nsptirement.s, lt»20. 
synthesisetl in intestine, 1020, 
tTiplumplutpvridine jiucksdiilc {T!*N), 
1020 .* 

use in fsdlagra, 1 057. 

in nsyehtwes. It >58, 
vasvulilatiir action, 1058, 

Night blindttess, dark • adaptation teshs, 

1022. 

NIshI grainih‘H, 482. 

Nitrogen, cne<ds td’ bnaOhing, 598. 
poisonitig, 420, 

relathui to caisson disease* 425. 
solubility of, 500, 425. 
trichlurilie (iigeiu>), action oit Hour, 1059, 
Nitrogenous constituents td‘ nvm\ signili- 
ca,nc^^ of. Silt ii sc#/, 
equilibrium, 901, HM8. 

balance, negative and positive, 901. 
in starvation, 901. 

umicrtiutrition, 1048, 
rOlc (d‘ essential amino-acids, 905. 
rettuition, 9tM. 
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Nitrosobacillus, 455. 

Nodal rhythm (cardiac impulse arising in 
A.V. node), 286. 

Non-fat calories (NFC), 1025. 

Nonne-Apelt reaction, 130. 

Non-protein nitrogen of blood, 72. 

See Urea. Uric acid, etc. 

Nor-adxenaline, 723, 724, n. 1. 

Normoblast, 164. 

No-threshold bodies, 29. 

Novirudin, 145. 

Nucleic acids, 878, 895. 

Nucleoproteins, 878, 879. 

Nucleosides, 878. 

Nucleotides, 879. 
action in agranulocytosis, 222 
on marrow, 220. 
as coenzymes, 1026 et seq. 

Nucleus ambiguus, 698, 712. 
caudate, 621, 622, 656, 659, 661, 670. 
cochlear, 572, 699. 
cuneatus, 562. 

Deiters’, 597. 
dentate, 605. 
eleventh, 698. 
emboliformis, 605. 
fastigii, 605. 
fifth, 702. 
globosus, 605. 
globus pallidus, 656. 
gracilis, 562. 
hypoglossal, 698. 
hypothalamic, 716. 
intercalatus of Staderini, 712. 
lenticular, 656. 

ninth (glosso-pharyngeal), 698, 714. 

oculo-motor, 703, 715. 

olivary, 697. 

paraventricular, 716. 

pontine, 700. 

red, 701. 

reticular, 702. 

roof, of cerebellum, 605. 

salivary, 714. 

seventh (facial), 699, 714. 

supra-optic, 42, 47, 716. 

thalamic, 564. 

tractus solitarius, 712. 

tuberalis, 716. 

vagus, 698, 712. 

vestibular, 597. 

Nutrition, principles of, 1043 et seq. See 
Diet. 

Nutritional (famine) oedema, 115, 1047. 

Nystagmus after Barany’s test, 601. 
after extirpation of vestibule, 601. 
in cerebellar lesions, 609. 
reciprocal innervation in, 601. 

Obesity, hypothalamus and, 718. 

Occipital lobe, functions of, 576 et seq. 
stimulation of, 637. 


Occipital lobe, structm-e of, 615. 

Occlusion, 540. 

Oddi, sphincter of, 800. 

CEdema, 110-118. 
after plasmapheresis, 114. 
amount of exudate necessary to produce. 
110 . 

capillary permeability and, 110. 
cardiac. 111. 
clinical, 115. 

experimental protein deficiency, 115. 
famine (hunger), 1047 et seq. 

French famine (of 1817), 1033. 
in beri-beri, 116. 

calorie deficiency, 1046, 1047. 
inflammatory, 222. 
lymphatic obstruction, 116. 
thiamine deficiency, 1031. 
venous obstruction. 111. 
Vitamin-B-deficiency, 1032. 

Na+ retention, 112. 
nutritional, 115, 1047. 
raised venous pressure. 111. 
renal factor, 111. 
of muscle in exercise, 19. 
pulmonary, 116. 
anoxia in, 117. 
causes of, 117. 

circulatory failure, 117. 
iucreased pulmonary capillary 
permeability, 117. 
massive intravenous saline in- 
fusion, 118. 
neurogenic, 117. 
renal, 75, 112. 
in chronic nephrosis, 115. 
type 1 nephritis (acute glomerulo- 
nephritis), 115. 

type 2 nephritis (nephrosis, q.v.), 112. 
CEsophago-salivary reflex, 774, n. 3. 
(Esophagus, and deglutition, 805. 
cardiac sphincter of, 806, 815. 
in vomiting, 811. 
nerve supply of, 806. 
peristalsis in, 807, 
sensibility in 762, 763. 

CEstradiol, 1076, 1077, 1078. 

CEstrane, 1075. 

CEstratriene, 1076. 

CEstrogen withdrawal bleeding, 1072, 1079. 
(Estrogens, 1075, 1077. See Ovary, 
actions of, 1079. 
cancer production, 1079. 
in pregnancy, 1077. 
on breasts, 1079, 1082, 1092. 
pituitary, 1079, 1085. 
prostate, 1116, 1117. 
sexual skin, 1079. 
uterus, 1072, 1079, 1091. 
vagina, 1079, 1082. 
activity of, 1079. 
artificial, 1078 
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t iMMui-.irv nt‘, 
j'l d' aiiH'iud’rhtfJ^ 

lit rnj«hu' rhuiitin, UtSi!. 
ijt'livt'il pulM'ftw ittSi!, 

Lr;niru'i ; \iilva', H*S^\ 

HM'MHji.iUMil NViuptoHr', 
iHrUNtruiii iiiNturltaiu’‘', 

ravrin*tn»a, 1 1 1’*- ^ 

ItrMdlatir hy|ud'trop!iy. I ! i7, 

vayiniti’i, 

iu ailnaial 

rorpua tnt^anu, 
i Iraalian J<*'VT. 

untu% 1*>77, lt».s7. 
atui. 1**7S. 
nf, 

<»t' !nliuii>i''{ratiitti. M>7S. 
n-hitiini t<» riiruMruatiun, |t}7‘t, 
trairua, IU7*.K 

prtrttu‘iti*m, UMH. 

a«ajr»avi nl‘» lu77, 
f4iUiu*'itr«il, 107 s. 
avniio’tir. |tl7S, 
t'][a'fa|»Mitid U 'J* i>t» lMS!i, 
tisstriot, iti7t», lo77, lit7S. 
tlvitrotM*. to7<>, Ht77, ltt7S, 
tEiitrous cyttUs to7i. 

by vHjbital iO<l. 

vitaiuiii .1 ittul, MtS7. 
iKatrua, llt7 J. 

.pnaiui'iip^ aulifitanatvt, 1077. 

OliMr Hi’iil. StU. 

Ourumt'trr. X), 

OpItPiU m'jOito' MKl 

Optic ‘hI. 

ni'vvv. r»7'l. 
truat, 57*7. 

pathway. Icainna of, 5S0, 

<)rhi*li phonoinrtinn, 5l!l. 
t)ip,nu nf 5711. 

Orpunanu 1105, 

OnOthiia*, H7H. 

Orthopnodv, -MU, 

O.Miijii* ariil, ataiti for nofvo lihtVH. ItlH. 
DHitiulurhy. iiO, 

()atntnr»a‘j?tors, 51, 51. 
ntlaptution, 55. 
p«*rnaMt,hilily of, .51, 

Osmotic pmsurtn I :tHh 

(•rvHtftlhhl, «♦!' plaMina, n‘gulnto(i by 

liiilliay, 51, 5;b 
wiOiT an<i, 50, 

luoftHUirniout of, M, 15. 
of iiHivo naiwlt', 4110, 

»tu‘taholib‘M, *,?0. 
plawtua, 14, 511. 
piaHJtia pt’i>b‘iuH, 15. 

uriao, 20 111. 

ralaiion to tinatia llttiil <sNrliiui».o»M» 

18 ♦'# .<<‘7. 

OnbatiH fibnjHa. 


Osteomalaoia, lop.:. 

4 )itr*>pHrt»Mi.i, inns, 107::. 

4 ttir itan'/U'ta. 711. 

Otolith organ. .»07. 

nf ;i* { i*»n. 5*07. 

pit’.loral t'f'llt‘\»'i frnin, ,VJl, 505, t)02, 

N. r \ i-Oiltular appuratu.s. 

Ovary, loti,» P>sr>. 

Iirtivi' ptnnriplca, Ut75. 

.MlO'itai t’urt<*\ uiiO, U5S. 
rurpoa ('/.f'.). KMrtt. 1070 

t rhato.'t»a iti, lOli.'j. 

riuOrul i'f. insa, 

♦'\tirpatiiin. loitS, 
bou’tiana, ltM»7. 

‘!uiia*hittMip)uii;i t>li, lOSa 
praflitu*, lOlV.t. 
iub’i'fOitial i*t4la, 0a>7, 
iut'tM»pau?i»* utul, lobs. 

tnfiuilrual ryrlr nial (‘/.f’.), I<t72. 

HdOrogi'OH bt75, 

M’-itrouM i*yrk' ioal t*/./'.}. 1071 

i»vtjlataoi, ItUiO, 

ivliitiHii t<» Hafa pio'ital, lOtUl, 
pituitary atai. lOS;t. 
prngrHtt'rniHMif 1077. ItlHl 
ptibarty Hial. 1057. 
rulatiao t»» braaats, 1002. 
to parturition. IttUl. 
prugnata'V, lOSt). 
rstrurttiro of, It 155. 
thyroai aiai. OSU. 

I (hurvontilatiotu alkalauuia frt>in, 101, 
r<‘apirut<try qiaUiaut. uhaitg<'H, ,'174, 
volutitary, bH, 4oil. 

th ulalioii, iiihilubMl by prt^goHti‘r<m<^ IU 81 . 

tiumof. umo. 

0 : 4 ;alato atal bkaal slotting, 140. 
OsiukKirotiy at'iil, H7It, 
rolatiim to ritrir ut al ayrhs 851, 852. 
Oxidation, biological, hy hyOrution atul 
Oohyilrogiumtinn, Hit). 
rnrhohyOrata <IiHaituilati4ut, 840 H .vfv/. 
Ptb formation. 850. 
foanv.vmrM I atal 11. 810. 848, 852, 854. 
♦’yt<a*i?roijas H54. 

* os i» lasts 854, 

«h*aurlat\ylation, 850. 
t4»M'tnm trunsfois rt4ath>n to t>xi(lo- 
rtsluation, 854. 

4*m‘rgy transfer, 841, 

4 ‘n/vtiio systems, 84t). tStr iiuHvidual 
Htii>Htratt*s, 

fat tllHHimilaiion, 870, 872. 
tlavoproti'ins, 854. 

high ami low luuu'gy phosphaU' 
bomls, 844, 

hvtlrugiut afarptors. 840. 
rAk? 4»f watar, 840, 

tnnirlK)xylirart4i(KrohH)<\yt44s 850,851. 
unkm of H with <) to form water, 854. 
Oxkiativo en'/.ynwH, 1027, 
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Oxycorticoids, 958. 

Oxygen capacity, 410. 
carriage in blood, 409-414. 
coelFicient of utilization of, 413. 
consumption, determination of, 372. 
in exercise, 436. 

content of blood, determination of, 410. 
debt, 439. 

dissociation curve of blood for, 409, 1099. 
excess, effects of, 403. 
for CO poisoning, 450. 
cyanosis, 452. 

interchanges in lungs, 367, 414. 
in placenta, 1099. 
tissues, 413. 
lack. See Anoxia, 
solubility of, 366. 
tension, in alveolar air, 364, 409. 
in blood, 367, 409. 
velocity of oxidation and, 412. 
unsaturation and cyanosis, 451. 
Oxyliaemoglobin. See Haemoglobin. 

stronger acid than reduced haemoglobin, 
. 418. 

Oxyntic cells, 775. 

Oxytocin, 45, 55, 1091. 


“ P ” (pain-producing) factor, 751. 

P wave, 245, 247. 

after extirpation of S.A. node, 245. 
in auricular extra-systole, 287 . 
auricular fibrillation, 247 . 
chest leads, 247, 
mitral stenosis, 247. 
nodal rhythm, 286. 

S.A. heart block, 282. 

Pacchionian bodies, 123. 

Pacemaker, 245. 

Pacinian corpuscle, 547. 

Pain, 548, 553. .ee 

action potentials set up by, 555. 
affective component, 555. 
anginal, 750. 
cerebral cortex and, 571. 
complex, 555. 
double, 554. 
fast and slow, 554. 
fibre types, 554. , . 

in arterial embolism and thrombosis, 752. 
coronary occlusion, 752. 
muscles, 751. 
skin, 548, 553. 
ischaemic, 750, 751. 
localization, 571. 
nerve endings, 548. 
path of, 566, 558, 663 et seq. 
prepotence of reflex effects, 555. 
referred, 748, 750, 

sSility in disease, 557, 560, 661, 567. 
specific quality, 553. 
stimulus, 553. 


Pain, thalamus and, 567, 571. 
visceral, 750 et seq. 

See individual organs. 
Painful feet, 1031, 1035. 
Palmitic acid, 861. 


Palpatory method of determining the 
blood pressure, 300. 

Palpitation, 752. 

Pancreas, disease of, 792, 793. 795 
extirpation of, 793, 909. 
fibrocystic disease of, 795. 
fistula of, 790, 793. 
insulin from, 910. 
islets of Langerhans, 909. 
ligature of ducts, 909. 
nerve supply, 714, 790. 
relation to iabetes mellitus, 918 seq. 
secretion of, 790. 
acid in duodenum, 791. 
acid tide during, 99. 
action of mecholyl, 793. 
alveolar COg fall during, 397. 
bile salts and, 791. 
chemical phase, 790. 
diet and, 793. 

histological changes during, 790. 

j in man, 793. 

nervous phase, 790. 
pancreozymin and, 793. 
secretin and, 792 
secretin test, 792. 
vagus and, 790. 
sensibility of, 760, 761. 

Pancreatic juice, collection of, 789. 
composition of, 105, 790. 
functions of, 790. 
lipotropic action of, 868. 
result of absence, 793. 

Pancreozymin, 793. 

Panh 3 q)opituitarism, 930, 931. 

Pantothenic acid, 1020, 1028. 

Paper chromatography, 895. 

Papiilcedema, 125. 

Paralysis a^tans, 657, 660. 

Paraplegia in extension, 694. 
in flexion, 691. 

Parasympathetic system^ 707. See Auto- 
nomic nervous system. 
Parasympathetic iransmitter, 719. 
Parathormone, actions of, 1003. 
on bone, 1004. 
renal tubules, 1004. 
serum Ca and P, 1003. 
changes in urine, 1003. 
therapeutic use of, 1006. 
toxic action of, 1006. 


Parathyroid gtods, 10^* 

active principle of, 1003. 
thormone. 


See Para- 


anatomy of, 1002. 
control of secretion, 1007. 
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Parathyroid glands, y of. raU-ium 

lor, lOOtl, 

<lil»y'intla<’}iysl('rol(A'r(<iHnr.I(»<»r,, 

pni'iu lionuoio* lor, HMitl. 
lor. lood. 

<'.\1 irpat ion ol, r^'tatiy, 

liy pc'i'pa rat hy roii 1 isjii . I < M I7. 
liy poparatliyroidiNHi. 1 00 } , 
osfoitis tibrosa, Ittos. 
sinirlairo of, lOOL*. 
ftintourH, of, 1007. 

Purol'io ('urvr in r(*n'l»rospiijal doiO. 
i‘ariolaJ UOio, functions «if. otiS. oT7. 
tvp(‘ t>f tMirtox, til I, 

l^arkinsoir.'-H <ii:U‘ast\ tioT. | 

<‘xp<Tirn<'ntal, ObO, 

Parotid ^'Kand, 771, 

I »a,r« > sy an ut I dy N pM < ‘ d),*t , 
ha'Hiiojtillolnnuria., 177, 
tachy<aualia. «00. 

Parn int<*rnualia [ norvun inO‘rtnt*diuM|, 714, 
tasfo lihn*M in. bSK ^ 

Partition hypotlioaia of fat ab.'^orptiijn, Hb,’* 

Parturition^ lolU, 

norvo Bupply* 712. *s^r Androt'on. 

OoituB, 'rn.stiH, 
o'Htroj^on and* MHM, 
o.vytorin and. lODl. 
progontoront' and, lOUl. 

Pannivo int'ontinonrc. 7711. 

PuHt pointing, 002. 

Pavlov potich, 770. 

Pellagra, io:u,, lo:i7, 

Polvi-rortal Hpim’t<‘r, H12. 
ihnnltdutn inovoinoutH, HI 2. 

PoniH, oro<4<ion of, 1 lOo. 
nnrvo Httpi>lyi 712. tStr Antirogon, 

<k>itu.s. 'roHtiH. 

\>mUm% H;ir>, h:19, H7H. 

PopHin, 77(1, 

PopBitouMiti, 350, 

Pt^t>tic uU'or, 703, 781. 
pain in. 703, 
tondornosM, 704, 

Poptido bond, 870, 
l\^ptatns H70. 

Hhock. hoi)arin HO(?rH4on in, Mb. 
Pericarditis, coristrictivis 300, 

Pericardium, sensibility of, 755, 

Perilymph, 500. 

ikmodic brea.thinj?, 400, 400, 40H, 404, 
Peripheral circulatiott, study of, 304. 
Peripheral rn^rves, alVerent itnpnlses in. 

552; 550. 570. 

Peripheral resistance, 302. 
blood v<doeity and, 303. 
blood viscosity anti, 303, 
in arteriolofl and capillaries, 302. 
vessel calibre anti, 303. 

Peristalsis, 7S0, BOO. 807, BIO, HI 1, 812e^ 
Peritoneum, stmsibility of. 755, 750. 
Permeability, capillary endothelium, 0, 110. 


Permeability, rrll tin'mlfranr,, 7, 
of iuTvi* mondcine*. ISO, Isb. 
pulnuMiarv rapjll.iri** I (7. 
n*nal Ltbonornlur iM«*nd»fiuu*, 2H, 113. 
Pernicious amnrnia, loo, 

;o’hjMrhydri;t in. 107, 7s;. 
aiiMsiii in, 410. 
ba.ial inotabolinu in, 3Su, 
blood rhatif!:o s in, P.H». 

«’au'i«'.i of ttuM'alobla.Oir unannius, 203 

folic acid anti, POS. n. 2. 

Incnuatinir pritn iplr atni. los. 
janndn'c in, 100. 
liv»‘r frraftnetO of. liis, 
venirirnbn frtvilmt'tp, 2<Kt. 
vitiunin-^Vi ’‘od, P.K 
Pcs (baaia) ptMlnncnli, 7ol. 

/dl, 87. Sir Blood* reai'tiuii of. 
ph, H41. 
ph, 842, 

PhanH'hrtututcvttuna, 73 1 
Phenybncelic .acid, 828, 

Phcnylnlnnint', 877, KS2. 

PlnilipNttn a rtOlcK, 004. 

Phh»fitl/an, aclitoi on kitlney, 20, 32, 3(>. 
on curbtkbydmb‘ abst»rption, 83(h 
f.'itr absorption, 854. 

Itdycteiuria, 028. 

l‘lmsplni)4en (creatine phosphate), H02 ti 

AC*/. 

Phosphatiise 838, 845, 
acid. 1002. 

in pritstatt', 1 1 15. 

prtmtatic carciinuna, U Hi. 
serum, lilb, UlO. 
urine, lUo. 
nlliidim*, 1002. 
ainl bom% HH>2. 

ht'patic glycolysi.s, 845. 
growth htu'inttiu' and, 1002, 
in prostate, U Hh U 17. 

Hf'rum, in bom* diseases, 1002 
liver tiiseasts 1002, 

Phosphate, Nec phosplutrus, 
PhoHphoglutsunutasf', 847. 

Phosphogiycerie acid, 843. 
IMnmphoglVcernldehyiif', 843. 848, 
Phosphorus (Phosphate), ubHorpUtw of, 
IIKII. 

ailenosiiK' tfiitlutHpimb!, iOOl, 
blontl reaction and. 01. 
earbidiydrate metabtdisiti, 844. 

I coeu'/.ytnes* 840, 

eonce*ntratit)n by knlney, 28, 
eontent of interstitial llukl, 5. 

plasma. 5. 73. 
creatine phosphate, 420. 
excretion of, 1001. 
fat metabolism and, 854, 
iiavin, 1028, 
formation in kidney, 04. 
functions of, 1 001. 
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Phosphorus, hexose phosphate, 1001. 
in blood, 94, 999, 1001. 
bone, 1000. 

cerebrospinal fluid, 119. 
muscle, 429 et seq. 
nucleoprotein, 878. 
phospholipides, 861. 
urine, 28, 94, 95. 
metabolism of, 1001. 
needs, 1001. 

organic phosphate in cells, 96. 
ossification of bone and, 1001. 
permeability of cell membranes to, 7. 
sources of, 1001, 1056. 
vitamin-D and, 1011. 

Phospholipide (phosphatide), 861, 862, 864. 
Phosphopyruvic acid, 848. 

Phosphoric acid, 842. 

Phosphorolysis, 847. 

Phosphorylase, 847, 848. 

Phosphorylation, 836, 839, 842, 844. 
Phthiocol, 151. 

Phytase, 1058. 

Phytic acid, 998, 1011, 1058. 

‘ Pieds (boutons) terminaux,” 622. 
Pigmentation in Addison’s disease, 957. 
Piqure (puncture) glycosuria, 860, 

Pituitary gland, 41, 929. 

acromegaly and, 935, 941. 
anterior lobe of, 929. 
action of adrenaline on, 728. 
androgen on, 1082, 

“ inhibin ” on, 1114. 
oestrogens on, 1079, 1085. 
testis on, 1114. 
action on islets, 918. 
on liver, 859. 
mammary gland, 1094. 
ovary, 1083. 
testes, 1102, 1113. 

(AOTH) adrenocorticotrophio hor- 
mone, q.v. 

carbohydrate absorption and, 836. 
diabetogenic hormone, 937 
follicle stimulating hormone(PSH),1083. 
glycotropic factor, 939. 
gonadotrophic hormones (gonado- 
trophins), {q.v.) 1083. 
growth hormone, 934 
ketosis and, 875, 937. 

luteinizing hormone (LH), 1083. 
prolactin, 1083. 
relation to ovary, 1083. 
to thymus, 1016. 
urine flow, 51. 

secretion of, action of transmitters, 
931. 

control of, 931. 

humoral control, 931, 948, 
1085, 1114. 

Pituitary gland, anterior secretion of, 

nervous control, 931, 948, 1084, 


Pituitary gland, anterior lobe, secretion of, 
thyrotrophic hormone, 980. 
Pituitary gland, antidiuretic hormone {q.v.)^ 
44 k seq. 

basophilism of, 965. 

Brissaud type and, 941. 
carbohydrate metabolism and, 936 et 
seq. 

Cushing’s syndrome, 965. 
development of, 42. 
diabetes insipidus and, 49. 
diabetes mellitus and, 918, 937 938, 939. 
diseases of, 930, 934, 935, 941. 
divisions of, 41. 

dystrophia adiposo-genitalis, 940. 
extirpation of, 930, 937, 1083. 

in depancreatized animal, 938. 
flow of urine and, 45, 49, 51. 

Frohlich’s syndrome and, 940. 
functions, 930. 
gigantism and, 934. 
glandular division, 42. 

Houssay animal, 938. 
hyperpituitarism, 934, 941. 
hypopituitarism, 930, 940. 
hypothalamus and, 47, 931. 
infundibular stem, 41. 
insulin response and, 939. 
lactation and, 1094. 

Lorain type, 940. 
median eminence, 41. 
metabolism and, 932, 936. 
nerve supply, 931. 
neural division (posterior lobe), 41. 
action of extracts of, 44, 45. 
in diabetes insipidus, 49. 
on capillaries, 46, 322. 
circulation, 46. 
kidney, 45. 

mammary gland, 46, 1094. 
smooth muscle, 47. 
uterus, 45. 

antidiuretic hormone {q.v.) 
ox 3 rfcocin of, 45, 55, 1091, 1094. 
functions of, 44. 
nervous control of, 47. 
results of denervation, 47, 48. 
pars anterior, 42. 
intermedia, 42, 44. 
nervosa, 41, 44. 
tuberalis, 42, 44. 
parturition and, 44, 1091. 
pituitrin— post-pituitary extract, 45 
portal circulation of, 931. 

Simmonds’ disease, 930. 
structure of, 41. 

tumours of, hemianopia in, 580. 
Placenta, formation of, 1080. 
gaseous exchanges in, 1099. 
gonadotrophin from {q.v.)^ 1084 
oestrogen mom, 1078. 
relaxin from, 1081. 
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Placcnlii, })nHt<'Nt<‘rnnp iVutn, K'Sl. 
rol<* iu fn't'ust IOUl*. 

Mniiunary (Jlnntl. 

In'tn! nvspiratiou, 1(>1>7 rt .sv./, 
vitamin K ami. HKS7. 
rlantar rnllnx, titn. 

PlasmUt i'HaniJifS in atnnai 7. 1st. 

rnm posit ion. tJ. l.'t.'t. 

<*omM‘ntralo(i, tor raised intrai-ranial 
pn*ssun\ 
t'omiiiiomvi, ISl. 

(•ry.sia.lloi<l oMinotiv prt'ssnn' oi. in wator 
<l<‘privation, <H), 
ai^Hon o?) osmoiaM’optorH, ol, 
vvator drinUinjj; am). 5t». 
for haMn(»rrlia^o, SO, 
siiooiv. mu 

inorjj:!iiuc' (‘onstit.nmtN of. Sv*' 

Ualn<\v uml voniposition of, 
loMH in iraunnitif 
t>sinotir prnsMnr«‘ t>f, it, 
stonal ami tiritai, ISo. 
toxic action of, ISo. 

Plnsma proU^lns, ir>. 

blood <‘Iottint^ ami. I OS, 10b rt sty, 
bnllcr action ami <01, carriage, bO, 
i:m. tis. 
diet ami, 10f>. 
f'lcctrtipiiorcsis, lOo. 
fibrimi^cn, I OS, 

Ibnv of tirim* and. 27. 
fnm’tions of ib, 27, lOS, .MS. 
in cniork* tkSicicncy, 1017. 
lucmoiThuj^c, HI, 107, 
ht‘|»ntitiM, S02. 
intci'f-ions discaMt's, 107, 
m^phroNi.M, 7*7. 1 10, 107, 

Una, mine dcticicmy, IbOl. 
tirims 28, 75 rf sty,, 1 10, 107, 
isfadcctric poitd- of, 101, 
nu>lc.<*ulur weij^ht. 101. 
oripiin of, 107, 

<»Hinotio pmsHtu’c (>f, lo. 
plaNniaphcrcsi.M, 107, 
pnb.hrombin, Ml rt srtf, 
la'guiation of l)lo(»d vohum' ami. Id, 
81 rf sty, 

relation to llocculatioji tents of liver 
fumdion, H02. 

(edema, llO. 

»e(iiim*ntation rate of red (’ells, 
172. 

salt pr<*eipitat.ion, 100. 

M(Mlinu*ntation* 100. 

tiasue lluid formation and, IK, 

viseoNity* 105, 

Plethysmography, 004. 

Pleura, HensihiJity of, 752. 

Plenral (cavity, absorption of llnitl from, 

21 . 

absorption of gas from, 071. 

Pleurisy, pain of, 754. 


Pneumonia, n.m»\iii in, t ts, 

in, 4.7 1. 

I'lH’Uinota NIC rrntre, Ostl. 

Piunimothoriu, :ms. 

nhs(»rptmn nf t.M.; from, ,771, 

.uioxia in. 07H, 
closed, 05S. .071. 
dyipnoM in. 1,77. 
oxfMa'inK'ntfd. open, .'Pis. 
in man. 07o. 

t !i(*i‘aj»cntic tartitici:d), 071 
\ alvnlar, 07 1 . 
variety’s (d. OtlS. 
vital capacity in. 071. 
Polychrnm.'iti'philiu, Mlb. 

Pol.ytiytha*mla, cau.scs of. ids, 
cyanosis ami. 401, n, '2. 
c'rvthrjcmia. Ids. 
in chtstnic anoxia, PM. 

congenital hi’jirt di’^c.n-a’, 450, 
histamine pohamimr. 007. 
traumatic shoi’k, Old. 

Polygraph, 25tb 
Polype {(tides, S7d. 

Po ly sa cc ! m r it k ’s , SO 5 . 

Ptdyuria in diabet**.* im4{adus. od. 

in exp(M’im(’nlal dialedcs insi{)iduM, 50, 
Pons, anatomy of. TOO. 

Pool, imdaholic, H.70. So.’ii, 

" Portal (’irculation " (hypotlialamtt hy{)o- 
phys*'.'d V(*imi), 1101. 

Portal ohstrmdion, S22, 
imcitcs, K22. 

collatt'ral circulation. 820, 

Portal V4'in, Sib. S22, 

Positive HU {(porting reaction, oSb, 
P(».st'g;anglionic lihr(*H, 705, 

PosOopi’rativt' embolism and iltromln)sis, 
147. 

Posture, regulation of, 5S2. 5i)0 

Musch^ toms 

Potassium, mdton in familial periodic 
{>aralysis, 520, 
in myastlnulia gravis, 5 lb. 

myotonia (’ongynitu, 521. 
on anOmomic ganglia, 520, 
insirt mUHchs 20d. 
skehdal museks 517, 5 lb, 
antio’uniri^ action of, 517. 
balance, bdb, 

chloride, diuretic nctiim of, 02, 
coneentration l^y kidm^v, 2S. 
content of int(.*rstitial ihiid, 5. 

of plasma* d, 74, 970. 
deph’tion in acidmmia, 90. 

in water deprivatiim, 07, 
funetiouH of, 970, 
in colls, 970. 
cerebrospinal lluid. lib. 
ro-d cells, 1H4. 
stored bkaxi, 7, 184. 
urine, 970. 
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Potassium, metabolism, 970--972. 
reabsorption by renal tubules, 29^ 
results of lack, 971. 
treatment of, 971. 
serum, 970. 

in disease, 74, 955, 970. 

Potentation of drug action, 729. 

“ Poverty of movement ” in striatal disease, 
659. 

Prefrontal leucotomy, 673-676. 

Prefrontal lobes, 668-675. 
connections, 668. , 

afferent, 669. 
efferent, 670. 
intercortical, 669. 
witb thalamus. 669. 
excision, experimental, results of, 670. 
alterations in activity, 670. 
emotional exteriorization, 671. 
social behaviour, 671. 
memory, 671. 

in man, for tumour, bilateral, 672. 
unilateral, 672. 

relation to hypothalamus, 670. 
stimulation, results of, 671. 
Preganglionic fibres, 705. 

Pregnancy, 1087. 
anaemia of, 207. 

Aschheim-Zondek’s test for, 1089. 
blood cholesterol in, 799. 
breast changes in, 1092. 

British War Rationing provisions, 1064. 
corpus luteum and, 1067. 
diagnosis tests, 1089. 
dietary needs of, 1000, 1059. 
foetal respiration, 1097. 

Friedman’s test for, 1090. 
hormones in urine, 1087, 1088. 
implantation of ovum, 1080. 
nutritional requirements, 1021, 1059. 
oestrogen secretion in, 1077. 
osteomalacia in, 1012. 
ovariectomy and, 1081. 
placenta formation (q.v.), 
rat ovarian hypersemia test, 1090. 
r61e of relaxin, 1081. 
sedimentation rate in, 173. 
toad or frog test for, 1090. 
uterine blood flow, 1098. 
vitamin- jK and, 1086. 

Xenopus test for, 1090. 


Pregnane, 1077. 

Pregnanediol, 1077. 

glucuronidate, 1081. 
Pregnant mare serum, 1084. 
Pregnene, 1077. 
Pregneninolone, 1081. 
Presaoral nerve, 767. 

section of. 768, 


Pressure changes in aorta, 260. 
in auricle, 268. 


Pressure changes in human right ventricle, 
260. 

in jugular vein, 259. 
radial artery, 262. 
ventricle, 256. 

Pretectal region, 675. 

P-R interval, 248. 

in heart block {q.v,), 282 
shorter than normal, 286. 
Progestational changes, 1080. 

Progesterone (Progestins), 1077, 1079, 

See Corpus luteum. 
action on mammary gland, 1092. 
and menstrual cycle, 1073. 
chemistry, 959, 1077, 1081. 
in urine, 1080, 1088. 
related to adrenal corticoids, 1081. 
relation to parturition, 1091. 
therapeutic uses of, 1082. 

1 Progressive lenticular degeneration, 660, 
Prolactin, 1083, 1094. 

Proline, 878. 

Pro-oestrus, 1074. 

Proprioceptive impulses, 549. 

Proptosis, 708. See Exophthalmos. 
Prostate, 1103, 1111.^ 
carcinoma of, 1115. 

acid phosphatase formed by, 1115 
effect of castration on, 1116. 
of androgens on, 1117. 
composition of prostatic fluid, 1103. 
effect of oestrogens on, 1117. 
enlarged, micturition in, 772, 773. 
nerve supply of, 712. 
phosphatase in, 1115. 
secretion in coitus, 1106. 
simple hypertrophy of, 1117. 
structure, 1103. 

Prosthetic group, 840. 

Prostigmine, action on spinal cord, 531 . 
formula, 509 

for myasthenia gravis, 518. 

Protamine, action on heparin, 145, 
insulin, 926. 
zinc insulin, 926. 

Protein, absorption of, 879. 

administration in nephrosis, 114. 

in nutritional oedema, 115. 
amino-acids of {q.v,), 876. 
animal, 1051. 

biological value, 1051, 1055. 
content of footouffs, 1052-1054. 
of intracellular fluid, 6. 

plasma, 6. See Plasma Proteins, 
digestion of, 878. 
dispensable cell, 138. 
effect on bile salt secretion, 798 
flow of urine, 70. 
gall-bladder, 801. 
metabolic rate, 380. 
uric acid output, 898. 
end products of, in urine, 891 
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Protein, in Tuilk. 1005. 

Intn (jfMuiphur iif. HS2, SOO, 
first- and s<*rt»u«l olasH," 0155. 
tixnd ('1^11, ids. 

)'lu<’osn formation from. S87. HSS. 
^iyi’oj'im formation from, s;0f 
in rerobrospinal tlui<L 110, 
iwo-nloririo point of, l.’M. 
labiU' t-nll, 138, 
liu'k, onoot-H of, 827. 
metabolism. *SV<' Amino-arids. 
aftor imnrns'itcrtorny, 701. 

I’ouvi'i'ti'd int<» blood jbjlm oso, 857. 
fato of non-nilroji,v'ntm.s roHiduo.s, 887. 
in lUabrtfH mnllitu.s, 02-1. 

stnrvutitm, 000, 
urva formation, 885. HOI. 
minimntn, 003. 
nitrojL^nnouM oqnilibrinm, 001. 
of <'ornbroHinn!il tluid. 130, 

p.atlmloj^y of, 130 ti .wif, 
pla.^^ma. Srr Plasma protoin, 
pormoubility of mil nmmbrant‘s to. 7. 
roquirnnitmts, 1051. 
rt'.Mpiratofv quotient of, 373, 

HpartTM, 003. 

sjundtir dynamic aotimi of, 3Htl. 

.synt hosisi ratt' of. 870, 
vVfiotablis lord. 

Prothrombin, MI r/ .srf/, 
at’tivatiou of, M2, 
estimation of. M3, 
relation of vitamimA* to. 151. 

O'st of liver fnnetion, 831. 
time, M3. 

I’rotopatbie sensibility, 557. 

IVovitamin-.’i, 1021, 

PruM.sinn bhm ri‘aetii>n for iron, 188. 

for traein^ absorption of eerebro- 
spinal ilubt, 123. 

Ptosis, 708. 

Ptyalin, 835. 

Puberty, breast. ehim/JieH at. 1002, 
in f<mial(^ 1007. 
mab\ ItOl, IHM. 
delayed, 1082, 
i;ro\vth at, 0-12, 

piHUMieions, in ailrenal <*orte?c tnmonr, 
tm?. 

relation of ovary to, loOH, 
pitnitary to, 10H3, 1113 
testis to, 1107. 
thymus to, lOlO, 
tliyrobi to, 080, 

Pulmonary artery, presHun^ in, 110, 
vasotnotor tlbres to. 307. 
eapillaries, p(^rmeability of, 117. 
eireulation, 110, 307. 
disturbed, dysprnea from, 45H. 
etleet of respiration on* 313. 
in collapse of lun^. 307. 
emphyseitta, 307, 459. 


Pulmonary tdrcmlatimi, in lir.-irt failure, 117. 
in mitral ili'a^ase, 237, 307, 

♦ fdema, I Mb 
stmmsi.;, •l.''»3 

ventilation, meaNiirement of, 372. Ace 
Mroatliine.. lamvis. 

Pulse, iuiaeri»ti(’, 202, 
artt'rial, 201, 
ejitnerntie. 2ti2. 
eollapsinv:. 208. 
diefotie mdrh and vva\e, 2tl2. 
juj.pilar venous, 250. 
pressure, 30!. 
ratlial. 202. 

water hammer,” 208. 
wave, veltieiiy of, 2<t2. 

relation to elastieity of arteries, 202, 
Punetnre (pitpu'el j^lyeosuria, SOO n. 2. 
Pupil, aetiim of atlremdine on, 720, 

ArjijyU itobertsiiu. 570. 
eerebral e^irtes and, 570. 
in eouveri^,ene4‘uo'rommodation reaction, 
lu\), 

llorm*r’s hvtidrome. 70S. 
li.tdd retle\, 578. 
nerve supply of. TttS, 715. 

.superior eollieuti and, 575, 578, 702, 
70S, 

Purimb 878, 8tt5, 8‘»0 .807. 
metabtdism. 800. 

in Kutd. 808, 
sourees of, 800. 

syuthefiis of, 807. AVr l‘rie Acid, 
Purkinjt' cells id eerebellum, 0t)5, 
fibres, 234. 

tisMiM', properties of, 235. 

Purpura, 157. 

athromboeytopenie, 150. 
bleeding ti«u‘ in, 158 
bloml platelets in, 150. 
eapillary resistance in, 158. 
eoagulation lime in, 157, 
in “ hypersplenism,” 150, 
skin luieroscopy. 158. 

Kpleneeti>my lor, 150. 
throndn>peme. 150. 

Putiumm, 030, 050. 

Pyknosis in develepinj^ red Idood eorpusulea, 
105. 

Pylorie ^jlands, 775. 
j^nstrin from, 770. 

Pyloric obstruction, bluod i’hanj^es in, 105. 
test tneal in. 783. 

Sphincter, suk 
in aehyiia ^a.striea, 808. 

voinitin^. Hit. 
nerve supply of, 710, 714. 
rellex eontrat'iion of, 810. 
litenosis, 783. 

hypertrophic, 810, 

Pyminiilal cell layers of cerebral cortex, 

013. 
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Pyramidal tracts, course of, 632. 
decussation of, 633. 
fibre diameters, 632. 
functions of, 641 ei seq. 
lesions of, in apes, 639. 
in man, 641. 

unilateral (hemiplegia), 642. 
ankle clonus, 644. 
associated reactions, 643. 
Babinski’s sign, 641. 
bladder symptoms, 772, 
clinical conditions with, 641. 
deep reflexes, 643. 
emotional movements, 642. 
eyeball movements, 642. 
muscle tone, 641, 642. 
stage of recovery, 642. 
shock, 642. 

superficial reflexes, 641. 
voluntary movements, 639. 
origin of, 629, 632. 

Pyranose ring, 844. 

Pyrexia, 480. I 

Pyrexial treatment, 479 n. 1. 

Pyridoxine, 1020, 1028, 

Pyrimidine bases, 828, 896, 898, 1025. 
Pyruvic acid, 848, 873. 

accumulation in thiamine deficiency, 
1026. 

conversion to lactic acid, 849. 
dissimilation of, 850. 
fate of, 849. 

formed from glycogen or glucose, 847, 
849. 

lactic acid, 849. 

reconversion to glucose or glycogen, 

852. 

relation to citric acid cycle, 851. 
to fat, 863. 
protein, 853. 

utilization in protein and fat synthesis, 

853. 


QRST of electrocardiogram, significance 
of, 248 et seq. 

Queckenstedt’s sign, 124. 

Quick’s prothrombin time (accelerated clot- 
ting time), 143. 

Quinine, for myotonia, 521. 

Quinolinic acid, 1037. 


Radio-active elements, cerebrospinal fluid 
formation studied with, 121. 
use as tracers, 906. See Iodine. Iron, 
etc. 

Radio-autograph, 989. 

Ranvier, nodes of, 482. 

Rat ovarian hyperjemia test for pregnancy, 
1090. 


Rationing, British War System of, 1060. 
bread policy, 1058, 1063. 
food on points, 1061. 
provision for children, 1064. 

pregnancy and lactation, 1064. 
of vitamins, 1063. 
rationed and regulated foods, 1061. 
supply of calories, 1061. 

Raynaud’s disease, 358. 
investigation of, 359. 
sympathectomy for, 359. 

Reaction of degeneration, 607. 

relation of chronaxie to, 507. 

Reactive hypersemia, 329. 

Rebound contraction, 537. 

Receptor neurone, 704. 

Receptors, action potentials from, 549, 552. 
adaptation, 550. 
auditory, 573. 
cutaneous, 547. 
end bulbs, 548. 
extent of stimulus, 551. 
general properties, 549. 
intensity of stimulus, 551. 
methods of study, 549. 
muscle spindle, 547. 

I musculo-tendinous, 547. 
organ of Golgi, 547. 

Pacinian corpuscle, 547. 
pain (q.v.), 547, 553. 
peripheral analysis, 550. 
repetitive response, 550. 
specificity of response, 550. 
tactile corpuscle, 548. 
temperature, 552. 
touch, 552. 

Recipients, universal, 178. 

Reciproc^ innervation (inhibition), 545. 
in breathing, 386. 

cerebellar stimulation, 634. 
Imee-jerk, 644. 
nystagmus, 601. 

positive supporting reaction, 590. 
postures, 590. 
spinal reflexes, 545. 

analysis of recor^ 1123. 
stimulation of cortical eyefields, 638. 

of motor cortex, 634, 
voluntary movement, 649. 
Sherrington’s views on, 1126, 1128. 
Recovery oxygen, 439. 

Recovery process, after severe muscula 
exercise, 439. 
in nerve, 491. 

skeletal muscle, 439. 

Recruitment, 537. 

Rectum, nerve supply of, 710, 712, 814. 
sensibility of, 763, 817. 
temperature in, 468. . . j 

Red Wood corpuscles, absolute standaros, 
167. 

adrenaline on, 727. 
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Bcdbloo(lcorpuscles,aftt'rspl<‘iHM‘toniv/j:»o. 
iniiji'rns in, 17<», 
lituoil nMiotidii aiul, iKt rt sttf, 
rarluniii' !Hihy<lras<' in, lla. 
t’hlnridc .shift , -lliO, 

(’(>2 rarrinj^ry* an«l, 'H I it nm/. 
ilfMtrut'tiun <»f, iS7. 
development of» nu). 
nnuxia urui. 101. 
hih^ :2n). 
roppnr anti, lU-l, l!la- 
nxtrin.sif tat‘(<n' and. 
taators I'nnlrollitns 10 1. 
lolin fU'itl and, I OS n. 
hannatinir prinriplr, lOS. 
in luan* marmu. 1 00. 
i'.vpnrinif'iital .slutly, Mid. 
(Muhryta 100 . 
livt't' anti Mphsan UU , 
intrinsit^ latdnr ainl, 200. 
irnn mni. 20.1 rt xnt/. 
livnr nntl, 107, 
pndnin ainl. 2l0, 

,stii^t‘N nf ♦*rythn»pnii';4;’., Uid. 
thyroid and, It>l. 
vt'ntrintilia utnl. 20,’h 
vitunun'/»ja and, lOH. 
vitatniro/i* jJ!rnup atni, lOl, n. I. 
vitninin-f ' ainl, lOl. 
iliniutdnr of, 100. 
dtirnlinn t»f litV of. ISth 
ary thro p‘dnHiN, lOIt, liM, 
lilin <jf, 1 00, 

fragility of, los. 

lU’thai of Inamolyttf Noniiu on. l7o. 
iiftor .sph^naattnuy, 220, 201. 
falls in splnan, 22ti. 
itj aaholurif jauiniii’f, 17t», 220. 
anannia.s. 100, 

^j:roupit»f' of. 170. Siv liltHtd grtmps. 
hannoglohin of {t/.r.), 170 
hypotrhromif, I OS. 212. 
in aphiNtif anaania, lOI, 
hannorrhiiji't** Sh. 
infants, H17. 

pernicious ananniatV**'')* 1 00 <7 mf. 
pregnancy, 2tMi. 
scurvy, lOd, 

Hprms 2tM. 
liver and, 107. 
macrocyte, 107. 
macrocytic unamiia, iOS, 100. 
inattiration factors, lOd. 
mean corpuscular hamutgloian. 107. 
nman corpuscular vol\nms 107, 
microcyte* 107. 
normal, iOO. 
normochromic, 108. 
normocyUn 107. 
number of, 107. 
oxygen carriage by, dOO H m/. 
permeability of, 7, 100. 


Red blood corpuscles, I’rirr dtcirsnirv.*, on 
rt’gulatiuft itf t*ty t)n'»<pMjrsis, ilM. 
ndiOivc \olnntr uf p.u Ucd omI rclLs 
ir.7. 

n-r-tTvnir iti -plrrn, 22t», 

0 ‘ti« uh» t ndtUlu iinl . > sltnn HMii, lOH 
sedimentation rate of, 172. 
liht'jjmpm anil, 172. 
in diMast’, 170. 
prci‘n.un'\. ITM 
;.phcrtu-ytn, 17U. 
r.ph’cn and, Ithd. 222> t f .a*/, 
ataming of, Hid. 

HtiU'cd. 7. isl. 

NvniputhiM’lmny nn, 7 Id. 

types id’ atnernia, lOS, 

Sn- ahio Anaunia. Hammglnhiu. 
.lauiniicc. l,i\pr. Itcticulo- 
cndidhciial svrdcm. Sph>cn, 
Ib-d line. d22. 

Heil nui’ltMis, 7td. 

Hialmdinii tit\ i:aun, 1 ltd . 

Referred piUiuJ is. 
caui'C of, 7»»0», Vo7. 
from ilcep .somatic .structures, 7-1 H, 
iii'art, 7dil, Td2. 
intostitte, 7ti2. 
pericardium, 7o.7, 
jtcritommm, Tdd. 
jileura, 7dd. 
in appendhutis, 7t»l. 

peptic ideer, 7ti!h 
mechanism id’, Toil, 
iauitral misintiapretatiim, Tdth 
di»r.sai ri»id l^^anchin^^ TdS. 

Uidles, nbdtuninah etc, ,\n imiividuul 
rtdh‘\i's, 

Retlex action, h2ti ;» lo, 

acthin of ui’idy h’hidim* on, d!ln. 
id' atiriUtaUm'' iui, 728. 

anti<‘ht>limsdrrasfs tm, ddl. 
tw'i'im* «>n, ddl. 
aftiaaiiachargis *i20, dd7, 
bhii'k, ddO, 

i’tmtral t'Si itatory state, d2iS. 

itihilntory Mate, d2S, df2. 
i’fuitral tranfunisaiiui, o2S, 
condititmcil, 07d. *s'cc t'iuiditiomHl 
ndlext*M. 
delay, bd2. 
futigihs f>d7. 
tinal iHUumtm path, a27. 
frei|ueticy <d' Mimtihatiim ami, nil. 
gem*nd fcittiirc.s of. od2. 

Inhibition In, r> 12, tt2d, 7dU. 
reciprocal, 5-10. AVc Hciuprocal 
innervatitiii. 
time rehtiion, h id, 
ititernuncial mntrtmti.M, 527, 520, 
irriuiiatioti, 5d(). 
latent periisl, 5d2. 
loealissation, 5d0. 



INDEX 


1177 


Reflex action, occlusion, 540. 
prepotence, 555. 
rebound and, 537. 
recruitment and, 537. 
resistance, 536. 
reverberators, 530. 

strength of stimulation and, 541, 542. 
subliminal fringe, 540. 
summation, 533. 
synapse, 522. 
synaptic delay, 532. 

transmitter, 528. 
time, 532. 
arc, 526. 

Refractory period of auricle during rapid 
stimulation, 290 et seq. 
effect of vagus stimulation on, 268. 
of heart, 235. 

relation to ectopic beats, 287, 288. 
nerve, 490. 
skeletal muscle, 500. 

Refrigeration, 480. 

Relaxin, 1081. 

Renal calculi, 1008. 
colic, 748, 760, 763 n. 1. 
disease. See Nephritis, 
filtration fraction, 27. 
hypertension, 357. 
ischmmia, 345. See Hypertension, 
cedema, 112. /See Nephrosis, 
rickets, 1008. 
shunts, 26, 39. 

crush syndrome, 343. oee Kidney. 
Renin, 23, 349. 

action on hypertensinogen, 349. 
effects of injection, 349. 
liberation by ischsomic kidney, 349. 
secreted in haemorrhage, 353. 

Rennin, 778. 

Reserve air, 362. 

Residual air, 363. 

sensibility, 558. , 

Respiration. See Breathing. Respiratory 
centre. 

foetal. See Foetal respiration. 
Respiratory centre, 384 et seq. 
adrenaline and, 725. 
aortic nerves and, 404. 
blood pressure and, 404. 
carbon dioxide and, 394. 
carotid sinus and, 404 et seq., 742. 
cerebral circulation and, 404. 
chemoreceptors and, 745. 
effects of trans-secting bram stem, 384, 
expiration, mechanism of, 392. _ 

H+ ion concentration and, 393, 39 d. 
impulses from, 391. 
injury to, 391 . 

inspiration, mechanism of, 391. 
isolated, 384, 388. 
intracranial pressure and 4b4. 
irradiates to cardiac centre, 271. 


Respiratory centre, irradiates to vasomotor 
centre, 309. 

medullary anaemia and, 391. 
oxygen excess and, 403. 
oxygen lack and, 398. 
reflex control of, 384 et seq. 
rhythmic discharge of, 390. 
sleep on, 405. 
temperature and, 478. 
vagi and, 387. 

See Breathing. 

Respiratory muscles, 391. 

Respiratory quotient, 372. 

conversion of carbohydrate into fat 
and, 373. 

of fat into carbohydrate and, 373. 
determination of, 372. 
diet on, 373, 374. 
in acidsemia, 374. 
alkalaemia, 374. 

altered pulmonary ventilation, 374. 
diabetes mellitus, 374, 920. 
effect of carbohydrate, 373. 
exercise, 374, 439. 
fat, 373. 
protein, 373. 

Rest point, 610. 

Resuscitation, 383. 

Retention with overflow, 773, 

Reticular formation, 702. 

and respiratory centre, 384. 
descending fibres, 623, 630. 
Reticulocyte, 164. 

Reficulo-endothelial system, 187. 

bilirubin formation in, 188. See Spleen 
Retina, central connections, 574. 

Retinene, 1022. 

Retrobulbar neuritis, 1031, 1035. 
Retro-ocular muscle of Muller, 708. 
Reverberators, 530. 

Rheobase, 493. 

Rhesus factor, 178. 

Rhodopsin, 1022. 

Rhythmicity of heart, 236, 286. 

of respiratory centre, 390. 

Ribitol, 1027. 

Riboflavin, 1027. 
role in tissues, 1027. 
sources and requirements, 1027. 
structure, 1027. 

Ribose, 839, 1027. 

Rickets, 1010. 

experimental production, 1011. 

relation to osteomalacia, 1012. 
renal, 1008. 
serum P in, 1001. 
tetany in, 1007. 
ultra-violet rays and, 1011. . 

vitamin-H and, 1010. 

Righting reflexes, 592. ^ ^ . 

Rigidity, decerebrate. See Decerebrate 
rigidity. 
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in Ntriatal lUmmsOn (ifiV. 
in visrrrul ilist'aso, 7*tS, 75U. 
liiuM <\\p<'rinn'nt, 2Ul. 

tvai in Atidimni'N dis(wu\ 

IUhIh. Ur^:!. 

Unmlun'^'H nipi, r>(>2, 

HoultMUix ftirmatinn, 172 


^uochanmt' (HUin'tiwtd di^iji'sHon nf» Sdi'n 
Snnatiln. rdUi. AVv Otnlith oiytan. 

Sacral autonomic system, 707. Hu. 
oul iUnv, 707, 712. 

** Safe jinriocl " (in<»n* nr In^H). U»0)0. 

Saline, t'OVrfs of lirinkin^' of, 02, 

in intt'stinal nhstnu’tinn, 100. 
inj('<*tii<>n of, uftor haniuirrha^n. K:». 
rlVnrt i>u Olnnd vnlumt*, 01, SI, 
on rinnilatiim. 00, 

Ot»\v of \irims OO. 

(’.S.K. prosMur<». 120. 
tissun tluid formation ami, li\ Hi. 
Saliva, OS, 77*1, 

Salivary glands, 77-t. 

ompluytai in attnly of foiulitionad 

" rt'tlox(*a, 070.' 

gUMlro-aalivary roOox, 774, n. 3. 
norvo HUpply. 700, 7M, 
u‘H<o*hagu«.s!Oivnry rotO’X, 774, u, U, 
saorotion of, 774. 

Salt, 1050, *SVr (lilt^rido. Saline. Sodium. 
Salt tlepltdion tisst, in AddiHon'H diMeaMo, 
050, 

Sa|)oniOvatitm of fat, S02. 

Saitiratod and tmaaturaOMi lipidoH, sot. 
Sahiifer'.H nu'thod of urtilioial roapiration, 
OHl. 

Soroial dormatitia, lOIU, 1005. 

Scurvy, loao. 1042. *sVf Vitamin-fk 
t)l<K>d in, 10:t0. 10*12, 
eliniral, 10*12, 

03cponm<‘ntal in man* 1000. 
akin ehangos in, 1000, 1041. 
t(H4h in, 10*01. 
wound healing in, UHl, 

S<ui-HickneHH, 002. 

Seotmd wimi, 442. 

Saeotulary Mt^x eharuetofa, aeiiouH of 
androgena on, U 1 1 . 
female, lOOH. 
mala, U07. 

Secretin, 702. 
aetion, 702 
in man, 702. 
on bile, SOO. 
panereiLH, 702, 

KueeuH enierietja, 700, 
rcleaHc of, 70L 

teat of panereatic function* 702, 
Secretion, 19. See individual gland«. 
Sedimentation rate of red colfi, 172, 
Segmentation in inteetine, B12, 


Solonium, onVrt on livor. H27. 

poi.soning.ndatinij to sulphur motahoHym 
S27. 

Semen (seminal lluld), l loa. 

«*oaguliitiitn of, 1 HKi, 
lihrinoIvNin in, 1 100, 
hyaluronidnse in. 1105. St r Sp(*ruu 
Semicircular canals* 507, 

potentials frtuu, 50S. 
auituuunir roOexos from, tU)2. 

Hnrany's (ivU, 001. 
nmtrid ronnoftiouH of, 507. 
extirpatton of, 000, 
modi' of uotion, 50H. 

Ntrmdure ot, 500. »S7v* \5*Ntibuiur 

apparatus. 

Siunimd tmot, nit2 
VOfdoloji, llttO, Uit5. 

Seminifertms tnhtilos, liOl, IIOH, HU 
1114. .S7v 'iVstis. 

Semipermralile membrane, IH n. 2. 

Sensi* of passive movemetd, 500. 

of position, 50th 
Sense organs. Svr Ueeeptors. 

Sensory cortex, st mud tire of, 50H, Sw, 

i’t'ndiral eorti'x. 
tleetissution, 502. 
imptdses in brain stem, 502 rt xo/, 
iti fieriplieral nerves, 550. 
spinal rortl, 55S fi isvy. 
nerve emlingH, 547 H *SVr lieerptors, 
Serine. H70 

Serou.s envitieH, llubl absorption in, 21. 
Sertoli, veils of, I It >2. 

Serum alluimin. Su' 1‘lasma proteiiiH. 

globuliu. AVr lOasma proteins, 

Sex ehroinosome, 11<»|. 

Sex glands, AVrtivary. 'i'estk 
Shaliow breafliing. anoxia in, 417. 

in pulnumary emliolism, 458, 

Sham fianling, 777, 

Sherrington phenomenon, 721, 

Shocks Hpinal, OiHi. 

trumatic, 820 ai t, 
blood changes in, 810. 
pressure in. 84(h 
volume in, 8*tth 
elinieal pivture, 810. 
erush Hyndrome. ,'M8. 
experitnentai, 841. 
kidney in* 84o, 818, 
meehanism. 841. 
pulse rate in, 810 
role of eheinieai agents. 811, 
of tluiti or plasma loss, 812. 
luemorrhage, 811, 
infection, 848. 
relh^xes, 818. 
treatment of, 8*11, 

8hort(‘ning rcacti<»n, 580. 

grafted on to retlex (Contraction, 586. 
Hlumt blood* 888* 41H, *458, 
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Similarity and difference, appreciation of, 
569. 

Simmonds’ disease, 930, 931, 961, 1113. 
Singapore captivity, nutritional studies, 
1031 . : 

Sino-aiiricular node, 233. 

block in, 282. Set Heart block. 

cooling and heating of, 245, 286. 

extirpation of, 246. 

morphology of, 234. 

nerve supply of, 234. 

origin of cardiac impulse in, 234, 236, 245. 

properties of fibres of, 235. 

relation to P wave, 245. 

stimulation of vagus on, 268. 

structure of, 234. 

Sinus arrhythmia, 271. 

Sinus nerve, 738. See Carotid sinus. 
Skeletal ^owth. See Bone. Growth. 
Skew deviation of eyes, 601. 

Skin, action of cold, 328. 
of heat, 327, 468, 474. 
histamine on, 325. 
light on, 328. 
noxious agents on, 325. 
capillaries of (q-v.), 319 et seq. 

pressure in, 16. 
colour of, 321. 

dorsal nerve root dilators and, 722. 
heat loss, 466. 
hyperalgesia, 747. 
in pellagra, 1037. 

scurvy, 1040, 1041. 
insensible perspiration, 467. 
in vitamin-.^ deficiency, 1024. 
liberation of “ H ’’-substance in, 325. 
microscope, 319, 
reactive hyperaamia, 329. 
sensibility in, 562 et seq. 
sensory nerve endings in, 647. 
sweat, 467. 
glands, q.v. 

sympathetic nerve supply of, 708, 709 
et seq. 

temperature of, 305, 475, 476, 477. 
urticaria factitia, 110. 
vascular responses of, 321. 
flare, 323. 
rod line, 322. 
triple response, 322. 
wheal formation, 324. 
white line, 321. See Temperature. 
vitamin-jD synthesis in, 1101. 

Sleep, 685-687. 

a form of conditioned inhibition, 685. 
alveolar air in, 103, 406, 686. 

Babinski response in, 685. 
carotid sinus and, 686, 766. 
effects of prolonged wakefulness, 686, 
electroencephalogram in, 625, 686. 
hypnotoxin theory of, 686. 
hypothalamus and, 715. 


Sleep, phenomena of, 685. 
produced by ergotamine, 687. 
sleep centres, 687. 
theories of, 686. 

Small intestiiie, absorption in, 796 797 
S63, 997, 1021, 1022. 
Auerbach’s plexus and, 714, 807, 812. 
digestion in, 716, 862. 
gastro-ileal reflex, 812. 
hormones of, 
cholecystokinin, 802. 
enterogastrone, 750. 
pancreozymin, 793 
secretin, 792. 
ischaemic pain in, 752. 
jejuho-ileal insufficiency, 797. 
movements of, 811. 
nerve supply of, 714, 716. 
obstruction of, simple, 108. 
with strangulation, 110. 
low, 109. 

pendulum movements, 812. 
peristalsis, 812. 
reaction of contents, 998. 
secretion of, 796. 
segmentation, 812. 
sensibility in, 763. 

villi, movements of, 865. See Intestine, 
Smell, cortical centre for, 582. 

path, 582. 

Soaps, 862. 

Sodium, and heart muscle, 236. 
and nerve membrane, 484. 
content of intracellular fluid, 5. 
of plasma, 6. 

in cerebrospinal fluid, 119, 
sweat, 467. 

lack and renal function, 73. 
of plasma, 6, 73. 

after adrenalectomy, 955. 
in asthenic uraemia, 74. 
permeability of cell membranes to, 

7. 

reabsorption by renal tubules, 28, 33. 
retention in cardiac failure. 111. 

in chronic nephritis, 115. 

See Chloride. Saline. 

Spasticity in pyramidal lesions, 642. 
Spatial relationships, 569. 

summation, 534. 

Specific dynamic action, 380. 

Speech, 663-656. 
centres, 653. 
dysarthria, 656. 
in cerebellar lesions, 611. 

frontal lobe lesions, 672. 

Marie’s views on, 654. 
varieties of aphasia, 655. 

Spenn (spennatozoa), 1101. 

count, 1103. 

in reduced male fertility, 1103 
form hyaluromdase, 1103. 
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Sperm, of t*|ndi<iynnH on 

motility ot\ lltHl. 

Murvival timo in va^'iiui, llOtJ. 
S|U‘rnmtidN, llOt. 

Spormatorytos, IlOI . 

S{H‘rmaio^<‘nt‘siM, llttH. 

Sparmato^^tmia, I UU . 

Spimrocyto, ll{). 

Sphincter ani, SM. 
cardiao, StM). 
ihaKS'caal. Sl*J, 

(lupillas 7 In. 
pylc»n<’, SOS, Slti, 
vo.sicjis 7t)7 r( .'.’o/. 

Sphy^mo^rapln iJti’J!. 

♦Sphyj'inomaiiomott’t'. .*UH). 

SphynjL?nmy<din, StU. * 

8f>hyn^oMino. Sdih 
Spilin potont-ial, 4sr>, nt)2. 

Spinal cord, iVJlo 040. 

action of at’otyh’htdint'’ on. oStt, 710. 
t)f mironaltnV on, 72S. 

anti-<'holinivsiorasor4 on, o.1l. 
<’ontraI vn^iis stimulalioii tni, 7t»o. 
<*Nt‘rino on, rsil. 
uMfomling tmata of, doS, tjSH. 
complete tram*-sectlon of, dsti 

bladUar funatiou,t»tHt,tiU‘J,7t>‘.»,77«, 
lihuxi prt‘^MH«r(% iWHi, 
ooiiUN roflos, tm.’l. 
tloxor 

ktuM'-jork, tUKl. 
inass-rotlox. tUhi, 
imisrlo ban*, tP.M. 
rotloK rnovomont.M, tHH, 
shook aftor, 

of failura. blKk 
of Ihua'idity, mo. 
r«‘tlax aativity, r»t>L 
<U‘Haan(Jin^ tmats of, tlHS. 

of, Monsatiim in, otiO. 
ando^^aiunta tihra.M of, dStk 
lnamaU>Jnyalia, Stk), 
hemlsectlon of, cm, mn. 

Incomplete trans-section of* mu. 
nmaaln iona, tUM. 
raih%xaH tilM, 

intanninaialH (intarnaur<»na.s), 5:J7. 
intrannxlullary tunnmr.s, dfUh 
rollox action rt mi. 

saj^mantal tliHtribtdbm itn fadS. 
Huhaauta aoinhitUMl <iajj;anaration, IU7, 
dOO, 

Hyn«K<nnyaIia, Slk). 
tujnotirH of, loaulation Hvndronia frtnn, 
1 20, 

vSpinal nhoak, aatisiss of, lUU), 

Splanchnic nerves, SOB, 315, 730, 

Spleen, 223 23L 

bilirubin formation in, IB7* 
blood ilastniation in, 1B7, 
formation in, 150. 


Spleen, ‘-toOnirtioti <»f. 220 . 

ib’ftnn’i’ rr;o*ti<m:i of, 222. 

♦•mptyim.': phaM*. 221. 

rxtirpatiiui n{\ 231. Srr Sph'iii'iMtMuy. 

ttllint! [ih.'isr. 221. 

fra!j;ility of rati and. 22ti. 

fum’tiona <»f. 22.'i. 

tnftmdy.sm baamitinn in, 22S. 

hypnraplnni'au. 222. 

in latdoamiit. 22.‘». 

!yinphoi*yf<‘s baaimd tin 21 S, 22A. 
niat-rnphaji^oa in, tS7. 221, 
nrrvo Mttpply of. 220. 711. 
rolation to purpura, 1.32, 

I'on^tajutal b.afnulvlu' (aalu>luru* 
jaundira. 222, 
ra.a*rvoir of rad aalis. 22t>, 

?a*n?dbibty of. 7tM. 

Ntitrai.'a funat iota 22ti. 

atofinta phaaa, 227. 

Mirtiatun^ of. 223. 
vasatdar arranyantanta. 223. 
waijLsbt f»f, 22d, 

Splenectomy, 23t^ 
for aabohtrir jautaliaa. 222, 
bauuolyf ia atnafuin. 222. 
bypar;4plaiuam. 23tt. 
pttrpnra, IdO. 

Spool at iaoU{4 daviation, <3t2, 
pain in tbalajuia laai+ma, 307. 

Spruf‘. 201, ItUd 

Stuj.'!uutt anoxia, Srr Anoxia. 

Standinj,' raOaxaa. .S'»r Attitu»iinal ratlaxa.s, 
Stnrah, tlip'Ht ion of, S3.'l, 

Starvation, adranai i'orti<‘oitia .Stauadad in. 

ltM7. 

ba.'^al undaboUMUt in. 37H, 
idoixl }'hn*i»Ma, 201, 
arantina in ttritta, S21. 
fatty iivar in, SOS, 
lodo.si‘4 in, 201. 
inatubolism iti, 200 2tKb 
niiroj'ianon.a axaratiim in, 201. 

HouraaM of anar) 4 y, 2tH. 

Ihynuia in, lOlO. 

urinary abatt^ax in, K22, 201, 

n.Ka c»f fat, 2tHt. 

of liNHUa pnOfdn, 200. AVa Undar^ 
nutrition, 

St alia raaatioti.s. ;V20, 

StniuH thyinodympbatiaUM, 1017. 

Stanria aaid, HOI, 

Staatorrhtaa, 22H, 

Stnilata t^anglion, 7<12, 

Starcoliiiiti, 123. 

Ht;4^raogn«aiM, 502. 

St4‘rility, tlurin^ laatation, 1025. 

tranteti with gonadotrophin. lOKti, 
Htemidft, 1074. 

StigmivHtarol, lOHl 
iStilineHlrol, 1078. 
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Stimulus, relation to sensation, 551, 570. 
See Receptors. 

Stokes-Adains syndrome, 284. 

Stomach, cancer of, 785. 
cardiospasm, 815. 
digestion in, 862. 
ettbets of emotion on, 786. 
emptying rate, 810. 
gastrin in, 779. 

gastric juice, antiseptic action of, 775, 
n. 1. 

collection of, 776. 
composition of, 105, 775. 
digestive action, 776. 
intrinsic factor in, 202. 
secretion of, 777. 

alveolar COg changes during, 
397. 


appetite juice, 777. 

a conditioned reflex, 678. 
blood sugar changes and, 780, 
785. 

chemical phase, 778. 
chemical transmitters and, 776. 
continuous, 781. I 

curves of acidity, 782. 
emotion on, 786. 
onterogastrone on, 780. 
fat on, 780. 
food on, 778. 

fractional test meal (q.v.), 781. 
gastrin on, 779. 
gastrozymin on, 780. 
histamine test, 783. 
hypothalamus and, 716, 780. 
insulin-histamine test, 786. 
in achylia gastrica, 784. 
cancer of stomach, 785. 
duodenal ulcer, 787. 
fasting, 781. 
gastric ulcer, 788. 
man, 781. 

pernicious anaemia, 197, 784; 
insulin test, 785. 
intestinal phase of, 777. 
methods of investigation m 
man, 781 et seq. 


nervous phase, 777. 

Pavlov pouch, 776. 
sham feeding, 777. 
sympathetic and, 775, 786. 
urogastrone on, 780. 
vagotomy and, 788. 
vagus and, 777, 788. 
glands of, 775. 

hormones formed in, 779, 780. 
hunger contractions in, 810. 
hypertrophic pyloric stenosis, 816. 
intrinsic factor in, 201. 
movements of, 807, 810, 1029. 


in disease, 816. 
mucous membrane of, 775. 


Stomach, nerve supply of, 716, 809. 
pain from, 762, 763. 
pernicious anaemia, relation to, 197. 
regurgitation into, 782, 810. 
secretion of, 777. 
sensibility in, 762, 763, 
shapes of, 809. 
structure, 775, 807. 
tone in, 809. 
ulcer of, 763. 
ventriculin, 203. 
vomiting and, 811. 

Strangulation of intestine, 110. 

Stratosphere, flying in, 446, 
Strength-duration curve, 493. 

of denervated muscle, 506. 
nerve, 493. 

Stress, ACTH and, 947. 
adrenal cortex and, 947. 
adrenaline secretion in, 731, 732, 950. 

I mechanism of response to, humoral, 948. 
nervous, 948. 

Stretch receptors, 547. 

See Bladder. Carotid sinus. In- 
testine. Lung. Muscle skeletal. 
Receptors. 

Stretch reflexes, 588. 

relation to knee-jerk, 644, 
to decerebrate rigidity, 584. 

Strise acousticae, 572, 700. 

Subacute combined degeneration of cord, 
197, 560. 

Subarachnoid space, 118 ef seg. 

Subdural space, 118. 

Sublingual gland. See Saliva^ glands. 
Submaxillary gland. See Salivary glands. 
Substantia nigra, 657, 701. 

Substrate competition, 509. 

Succinic acid, 851, 852. 

Succus entericus, 106, 796, 835. 

Suckling causes prolactin secretion, 1094. 

uterine contraction, 1095. 

Sucrase, 835. 

Sucrose, 835. , . , i 

Sudanophil granules m adrenal cortex, 944. 
Sulphate (Sulphur), biotin, 1028. 
concentration by kidney, 28. 
conjugation in liver, 828. 
content of intracellular fluid, 5. 
of plasma, 6. 

cystme or cysteme ana, qh, 
ethereal, 891, 900. 
heparin and, 145. 
in cerebrospinal fluid, 119. 
indoxyl sulphate, 900. 
indioan, 900. 
inorganic, 891, 899. 
in urine, 891, 899. 
methionine, 877, 882.^ 
mucoitin polysulphuric acid, 839, 
neutral sulphur, 891, 900. 
taurine, 798. 





JNDKX 


Sulphattt* thiarnin<\ I <>25. 
>Sulph-h;oiiioy;U>biuaMuia, ryanosis 
451. 

Sulph<>aatju<l«'s, indtua* vitariun H <!«'' 

lit'H'Ucy, l()20> 102<», !<>liS. 
SuiMinatitiij, in roflox art inn, 525. 
in sUoU'tal muia'lt*. boo. 

.spatial . 525. 
totnp(»fuU 525, 

Supudlclal relloxos, <>15. 
alRUnninal, 545. 

HahinnUi* 045. 
nvmaHtorie, til 5. 
platitar, (54 5. 
w'nHibility, 55(5. 

Superior corpora quadrtgemlna, 575, 7o2, 
70S. 

Argyll UnluTtson pupil iVniu Ifsiun 
oi\ 5S(). 

Suppressor bands, 020. 

action on caiuiatt^ ntn4<njs, 021. 
t>u t’nrtiral nu>v<*nu'ntN, 025. 
i4(s4rtK‘iU’nphalngrain, 020. 

Unvor luntor n«’uron<‘.s, 02U. 

rotiiMilar Ojnnatmn, 02H. 

Hpinal rt'Ot'xn.M, 025. 

('.xtirpatiou nt 4 h. .spaHtii’ity rcHultink'. 
024. 

Hupraoptiy nurOmn, autiiUi nf ais^tyl- 
yhiilint' nn, 710. 
on poHit'riof pituitary, 42, 47. 
Suprarenal gland, *s5a' AOtiuuvl gland. 
H\(rfiua^ nroa and nud>alioli<^ rat<«. 57H, 
vital rapacity, 378. 

Surgical ahock, *SVr Shock, (raunkatic. 
Swallowing, 805. 

Sweat, conipoHiiion td\ 407* 
inmunHihlc jM*rHpiration, 407. 

Sweat glands, action of madylchtdinc, 
4H1. 

of adrenal k»ortc.x, IM5. 
adrenaline, 481, 728. 
apocritn\ 407. 
axillary. 407. 

congenital ahstukce of, 470. 
eta'rine, 407. 

nerve Htipply of, 407, 481, 508* 700, 710, 
724 rt 

secretion ol, 407. 
arul iiehydratioik, 408* 477. 
hy riHo of e.xternal temperature, 407* 
470. 

in enmtikm (menial), 407. 

(ixerciHe (thermal), 442, 407. 
fever. 4 HO. 
luatt Htroke, 470. 
maxitnal, 407, 

Sympathectomy, (u>mp1et<% (dlVetn of, in 
animalH, 715. 
for Ikladdt^r pain* 708, 

Btiergor's dineaMe, 301. 
eH«ential hyperienHion, 357. 


Sympathectomy tWr Haynand’N diseaw, 369 
3*5 1 . 

Sympathetic nervous system, 7o7. 

at’tion pntrntiul , in lu'rves, ,'io3, 
jtnd nui'R t' fiOiton*. .>21. 
ehernical (niicunitter at postgangli- 
onir terminals, 50S, 5U), 722, 
m avmpat lelir i.*auglia, 52Ii. 
t'hnUut'ryic iilu'i*M in. 481. 
epheiiriim and. .510, 
ext irp.atinn of, 71.5, Str Syinpath- 

eetitmy, 
ganglia <»f. Til. 
higlnu* control of* 710, 
hyp<Uhalntntj:; and, 710* 
nu'otinr and. 7 1«5. 
relation «d’ adnmaline ami nor* 
.adrenalitie to* 722* 724, 728, 
to jnirenal gland. 730* 
hladder. 7lO, 707. 

)4ond v«\a'iela, 303 ti .m/. 

hrouehi, Too. 

capillaries, 320. 

eye, 70S. 

fore Uinh, TOO. 

gall bladder, 711, 801. 

Ikead atnl neck, 707. 
heart. 270, 700, 
hind limb, 700. 
kitlney. 27. 
liver, 850. 
parudeM* 7o0. 
skeletal musilt*. 521. 
akin, 708. 
aple<uk. 220. 

Ntomach ami inteMtincM. 710. 
Hwmi glanda* 4.81. 
thyroid* 7o0, 082. 
uteruH, 711. 
veins, 318. 

iSympathomimetie action of adremdine 
722. 

Hynapae, 522, 

Synaptic potent iida in sympathetic ganglia 
524. 

cktrare tuk. 524, 

Munonaiioii of, 525, 

Synafktic terinimd, 522* 530. 

Hynajvtic transmitter, 523. 

Syncytium, heart muscle aa, 233. 
Synergic (Oxitkg) muHcte.H, 051. 

I Syringomyelia, 500. 

I Syntole of hi*art.. 5Vc Attricle, Vt^ntriclo* 


'riH24 (Kvann* hlue). 0. 

T wave» 25o, 

in chcHt IcjmIm, 251. 

Tabes dorsalis* 501. 

cerehroapinal tluid in. 131. 
(^lareot'H joint in, 501. 
deep rellexea in, 502. 
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Tabes dorsalis, disturbed voluntary move- 
ment in, 562. 
lightning pains in, 561. 
micturition in, 562. 
pathology of, 561. 

Romberg’s sign in, 562. 
sensory changes in, 561. 
trophic changes in, 561. 

Tache cerobrale, relation to “ red line,” 323. 
Tachyphylaxis, 350. 

Tactile corpuscle, 548. 
discrimination, 569, 570. 
localization, 569, 570, 
sensibility, 552. See Touch. 

Taste, cortical centre for, 581. 

path, 581. 

Taurine, 798. 

Taurocholate of sodium, 797. See Bile 
salts. 

Teeth, caries of, 1013. 
effect of diet on, 1013. 
structure of, 1013. 

Tegmentum, anatomy of, 701. 

Temperature (regulation), 465-481. 
cold exhaustion, 480. 

response to, 474. 
diurnal variation, 469. 
effect of age, 472. 
of clothing, 478. 
drugs, 717, n. 1. 
exercise, 442, 472. 
external conditions, 468, 472. 
food, 469. 
menstruation, 472. 
pontine hsemorrhage, 473. 
sleep, 470. 
weather, 468, 472. 
on arterio-venous anastomosis, 318. 
blood reaction, 478. 
blood vessels, 327, 468, 477. 
breathing, 478. 
circulation time, 262, 468. 
dissociation of hasmoglobin, 411. 
distribution of cardiac output, 262, 
468. 

heart, 236, 274, 477. 
metabolism, 378. 
spleen, 226. 

sweating, 467, 475, 476, 478. 
testis, 1110. 
thyroid, 982. 
fever, 480. 

heat cramps, 65, 478. 
heat loss, 466. 
heat production, 465. 
heat stroke, 479. 

impulses in nervous system, ooo, ooy 
et seq. 

in mouth, 469. 
night workers, 472. 
pulmonary tuberculosis, 472 n. i. 
rectum, 469. 


Temperature, in urine, 468. 
normal, 468. 
pyrexial treatment, 479. 
refrigeration, 480. 
regulation, 473. 
adrenal and, 474. 
cerebrum and, 473. 
hypothalamus and, 473, 717. 
nervous system and, 473. 
thyroid and, 474. 
response to cold, 480. 

to heat, 474. 
skin, 321, 327, 358, 360. 
sweating, 467 et seq. 
temperature sensibility in skin, 552. 
in disease, 560, 696. 
in viscera, 763 ei seq. 
temperature sensory endings, 548 

Temporal lobe, 574, 631, 653, 669. 

Temporal summation, 534. 

Temporo-pontine fibres, 631. 

Tenderness (hyperalgesia), 747, 748. 
causes of, 759. 

Tendril fibres, 606. 

Tension of gas in liquid, 366. See Carbon 
dioxide. Oxygen. 

Testis, 1101-1117. 
adrenal cortex and, 967. 
androgens, q.v. 
cryptorchidism, 1109. 
descent of, 1114. 
eunuchoidism, 1112. 
extirpation of, 1107, 
graft of, 1110. 

hormones of, 1110. See Androgens 
interstitial cells, 1104. 

Klinefelter syndrome, 1114. 
pituitary control of, 1113. 
prostate and {q.v.), 1111. 
relation to puber^, 1104, 1107 
to thymus, 1016. 
semen {q.v.), 1103. 
seminiferous tubules, 1101. 
spermatogenesis, 1101. 
spermatozoa {q.v.), 1101. 
structure, 1101. 
temperature on, 1109. 
teratoma ofi gonadotrophin in unne 
1088. 


thyroid and, 986. 

tying ductus (vas) deferens, 1108 

vitamin- JS? and, 1087. 

•estoids, 1076, 1110. 

'estosterone, 1076, 1110. 
propionate, 1111. 

'etanus of muscle, 500. .i. • ^ 

'etany, after extirpation of parathyroid 
glands, 1004. 
blood changes in, 1004. 
causes of, 323, 1007. 
clmical manifestations, lOOo. 
from hypOTpncea, 408, 1005, 1007. 
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Totally, ill alk;il;t*nua. Hiu7. 
in iult’-itinal nhslrtirtiott, lutk 
fuari, N’vmptoiHM nf, |no.>. 
nojthril is, 77, 
o.M{<‘uinala(*ia. H)12. 

1 007. 

tnNitiutMii of, loor*. 

Ntr 1 Nira thy roil 1 plaint. 

'rhalatttit? aiiintal. thU. 

synUromts oi>7. 

Thalamus, atu. 

an<i oxtiNi pyrajnitlal fihrra, tilltl, 
proiVontai loho.s, htJU. 
sham ra>.^<' r<*a4’tion, 
siipprtwor 

t'ontn' for oonsoiotis sonaatioH, olUi, ,771. 
(’oiuKS’t it>ns of, o<M, UlH, 
ciiNonao of, olo, 

oniiUitmal iv\t»roN.;it>n aial, f>t>7, (itii, 
fum‘tion.i f)f. otU>, o7L 
nu<‘l(‘i of, 

rt’hition to I'horts'i aial athotoNis. o<»7, thU). 
to <‘h’rtroauoo|»halttjiU’aaa, til7. 
Thlamlmi iauuurln, vUamln-Bi). 

t'lilUiaU usoa th', lOIUh lultit, 

for ali’oholir ianu*<»t>at hy. ItKUh 
\Vai‘iii<*ko‘s avtalrouio. lIKtU. 
diphtiNphothianiiiio/ 
in hlotui, HKlO. 
rationa, MHuU 
nrino, itKtth 

rolntion to IxTl-hori. lOIlii, ItKtU. 
napiiroiuonta. 

results of «h'tit‘irnry, It)2ih HKUh UKU, 
Mourees of, lOUo. tOoii Mto t. 

Ntrurtairo of, 

'rhia/ol, lt>2o. 

ThioehrouMS I02o. 

^rhiouvunate, action on thvroid, 071, U>»l. 
TluouVacil, tt7o, UHl, USU/lUMh 
Thirst, flS, 

ami Nat 'I tlclichujcy, Uth 
excess, <1 1. 

Tlioraeie iiuet, Htio, 

Thomrieo^unihar oui(l<nv, 7t>7, 

Thrtu)nine, 877* 

Threshold ho<li(\s, 20. 

Thromhln* Ml rt my, 

Throtuhoan)bi:iitis ohliiiTans { Buor^ici'r’s din^ 
751. 

Throaihoevtos, 155. *SVe Hlood plrtt4»lt*ls. 
'rhrombok'inaso, Nee ThrondsiplasUn, 
Tlironihopenia, 150, 

1’hrond>o|)laHtin, M2. 1105. 
of pluHina for hauuophiliu, 150, 
vipor venom ftir hnunopliilin, 151. 
'rhromhoHis, intravaN*‘nlar. M7. 

|)DHt«oporativo* MO. 

Thymino, B78. 

Thymus, 1070, 

action of iiormonos on, 1010. 
dovolopmont of, lUlih 


Thymus, e\tirpat inn ^d. HdV, 
fa4'toi;.f, inlhirfo iic' .a.'<* of. lojti 
hyperpl.'i, aa o} 1017. 
ndat ion In {oya aiuMua L'l'avi i, oM, H)l7 
tti f e,’d is, MM ti, 

idatu i thy nu» ly topluitirtt i ami. 1017 . 
:,tru4‘tur»‘ ^tf, Into, 
thymh’ a'iihma, 007 . 

M‘hvro'.dohnlin. 07 1 . 

Thyroid, 071 . 

atdion t>f inoriMuie iothilr hmd uro 07 , 7 . 
of tU'i^OMOi' <'omptaoai.s »»n. 07 . 7 , 
fhioeyanute on, 07 I, ‘OSt, 
iUi htme, OVO. 

hmod, OTih loot, 
kiiinev, tlTil. 

i* evi-reliou in urine, ItMil . 
anterior pittntarv ami, 075. 
atrophy 072. ‘ 

earluihydrate ,HleaU’{itioti and, 850, 

eollojii of, 07 1 . 

latujpteation uf, 071, 

rretiniam, 0St». 

eyrlii’ ai'tivity ol, 070, 

delij’ieney, tlS2. 

iiialades. OtS, 070. 

fliiodotyrotim*, 072, 071 

dried, nseii therapeutically. 070. 

hyperplasia of, 072. 

iodide o^idi/efi tt» iodine in, 071, 

iodine tiefieicney hyperplasia. 080, 

myxoMleiua, 082. 

potent i. ales .'oltHumline, 720. 

SOOTtion of, re*nd.atiou of. 070. 

lOooti iudi«le level, 08l. 
external temperature, 082. 
hyptUluilaiutis, O.SU. 
svmpathetie nerves, 082. 
ihvrotrtiphie hormone (y.e.) 
070, 

neleetivi' id»sorpt ion t»f itsiidf** 075. 

simph' goitre. 080. 

htrin-ture f»f, 071, 

svmpathetie nerve supply i»f, 700. 

thyrotdoludin, 071. 

thyroxine, Nee huline. 

Thvroul inhdatimi: fiodor, t»Ht. 

Thyrotrophic hormone (TSH), ti7o, oso. 

aetion on extraoisdar tiwues, OSl. 
hhn>d level, role of, 080, 
control of seerelioti of, tl80. 
hlood thyroxine, 080. 
nervotis* 080 
fate of, 080. 
injection td7 OSO, 

? relation to elinie;d exoplithalmos, 
005. 

? roh^ in (Iraves’ disease, OtHl, 005. 
thyroid hyperplasia produeisl by, 
OHO, OHO. 

Thyroxine, 072. 

actions of, 07<h 
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Thyroxine, actions in myxoedema, 977. 
normal subjects, 977. 
action on metabolic rate, 379, 977. 
(blood) influence on pituitary, 980. 
formation and secretion, 973, 974. 
formed outside thyroid, 975. 
in dried thyroid, 976. 
synthesized in vitro, 976. 
syntlietic L-thyroxino sodium, 977. 
toxic eflccts, 979. 

Tidal air, 362. 

Tissue (interstitial) fluid, 1, 4. 
after hiemorrhage, 84. 
composition of, 5. 
distinction from lymph, IG. 
formation of, at rest, 18. 

after injection of saline, 126, 127. 

water drinking, 56. 
during tissue activity, 19. 
interchanges with cells, 7. 
plasma, 6, 17. 

maintenance of plasma volume and, 60. 
removal of, 21. 

Sec Capillaries, Oedema. 

Tissue homogenates, study of, 906. 

Tissue oxidation. See Oxidation, biological. 

Tissue slices, study of, 906. 

Tissue spaces, 3, 10. 

Tm,„ 921. 

Tocopherol, 1086. 

Toluidino blue, 145. 

“ Tom,” 786. 

Tongue, motor nerve supply, 698. 
taste fibres from, 681. 
unilateral paralysis of, 698. 

Tonometer, 409. 

Krogh’s, 367. 

Tonus, in, bladder, 769. 
in blood vessels, q.v. 
heart, </.v. 

skeletal muscle. See Muscle tone, 
stomach, 809. 

Topectomy, 673. 

Topfer's reagent, 781 n. 1, 

Touch sensi&lity, 547, 652. 
spots, 563. 

'iroxipathio hepatitis, 828. 

Tracer technique, 907. 

Trachea, obstruction of, cyanosis in, 464. 

Tract, antero-latoral ascending, 689. 
descending, 688. 
ascending, 688. 
cerebro-bulbar, 632. 
colliculo-nuclear, 678, 702. 
cortico-bulbar, 632. 
cortico-spinal, 632. 
corbico-nuclear, 631, 636 
corticO'pontine, 631. 
cortioo-reticular, 623, 630. 
cortico-thalamic, 631. 
ctmeatus, 559, 662. 
descending, 688. 


Tract, extra-pyramidal, 629. 
from frontal lobes 629. 
fronto-pontine, 631. 
gracilis, 659, 562. 
of Burdach (cuneatus), 559, 562 
Goll (gracilis), 659, 662. 
optic, 574. 
propriospinal, 089. 
pyramidal. See Pyramidal tract, 
nibro-spin^ (Monakow’s, prepyramidal). 

solitarius, 712. 

speno-cerebellar (dorsal and ventral) 
659, 606. 

spino-thalamic, 559, 562. 
tecto-spinal, 702, 708. 
vestibulo-spinal, 586, 597. 

Transaminase, 885. 

Transmethylation, biological, 882. 
Transmission, adrenergic fibres, 508. 
at dorsal root ends, 721. 
motor end plates, 511, 513. 
oxyntic cells, 776. 
parasympathetic ends, 719. 
sympathetic ends, 722. 
chemical, 498, 676. 
choKnergic fibres, 508. 
electro-chemical, 607. 
in autonomic ganglia, 523. 

central nervous system, pharmacology 
of, 630. 
nature of, 608. 

Transamination, 885, 1028. 

Transitional cells, 214. 

Transneuronal degeneration, 498, 576. 
Trapezium, 572, 700. 

Traumatic shock. See Shock. 

Tremor, in cerebellar lesions, 609, 610. 
in exophthalmic goitre, 991. 
striatal disease, 658. 

Tricarboxylic acid (Krebs, citric acid) cycle, 
850, 861. 

acetic acid units enter, 872. 
fat dissimilation and, 872. 
Triglycerides, 861. 

Triphosphopyridine nucleotide (TPN),1027 
Trophopatbic hepatitis, 828. 

Trousseau’s sign, 1005. 

Trypsin, 790. 

Trypsinogen, 790. 

Tryptophan, 877, 975, 1037. 

Tuber cinereum, 716. 

Tubule diuresis, 69. 
excretory mass, 40. 
excretory maximum (Tm), 40. 

Tubules, renal. See Kidney. 

Turacin, 213. 

Tyrosinase, 957. 

Tyrosine, 877, 882, 974. 
di-iodotyrosine, 974. 
relation to adrenaline, 729. 
to homogentisic acid, 890. 
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Tyrosme, relation to tnt'lanin, U57 
thyrn\in»% U7*t. 

lUi’or* jM'ptu’, 7S7, 7SS. 

UndernutrUion, rliiuml, um. 
fatty liver in, StitL 
ill Helst'U ejiinp* lOto, 10.')0, 

tU‘rnmn (‘xiernuiiation i-iunjis. toon. 
Ltmtion faiuiiK' (lSIi7 liS). 10, ’»i). 
PnHoiii*r t)f War fjunjw, W orUl War II, 
lOlU. 

kwanhiorkor, Stiik 

nioflerato ralnrie detieieney (t ’^O’nej'ie 
t'xpt'riment), into 
n*hnt>ilitaUou from, liMS. iSVr 
Starvation. 

Htn’ere ealoru^ delieienvy (MinneraHa ex- 
periini'nt), KUo. 

Unipolar exvitation, 1120. 
tapper motor mmrone, 0;t2, 

Uraeit, H7S, HOtk 

Uraimla, l^l»>o(l eliangoN in, 7:k 70, 

< theyne-Stokt'H hreathini' in, 77. *101. 
duo'to Xa<-1 tioprivatmn, Ofi, 
intravraniivl presHuro in, 77. 
lairnt (aHt.h<‘nie), 7H. 

Hthenir, 70. 

water intoxication ami, oH, 77 
UJToa, rk^aranro U^Ht, 01, 00. 
comnMitration teat, 00. 
formation of, 880 SH7. 

after hepativtoiny, 8I0». 

In blood, 71* 

after oompleto liepat^n'toiuy, H2o. 
incotnputiblo blootl tranafuaion, 
180. 

romtival of kiiineyH, 7*1. 
high protein <Iiet ami, 72. 
in mirenai insufl'naenry, 050, 
ohlorkb <l»,1ioioney, 05, 
ohronio nophritin, 70, 
lumnorrhago, HI, 
intoHtinal obatrm'tion, 108. 
nrmmia, 70, 71, 
vvatijr (ieprivatlon, 07. 

IngOHtion of, 00, 
in uopliritiM, 75 ri saf. 

In urine, 28, 54, 59, B9L 

ilftuit of prot-oin fn‘o liii^t ami 
adotjuato raloriuH, HOt. 
of protein intake, 891. 
in Htarvation, 891, 892. 

nrmmia, 70, 74 et /trq, 

Hignilieanee of, 891, 
kidney and, 28, 01, 09, 51, 59, 

Ureter, nerve wupply of, 7U. 

pain from, 748, 700. 

Uric acid, 895. 

coneon tration by kidney, 28, 
formation and fata, 897, 
in blood, 28, 70, 898. 
gont, 898. 


Urine, nrim'. OS K9S. 

.‘ifid ple»:iphat:irie in, IU5. 

fitinnial in, 051, 

ah aptunitria, SOit 

umimaiiu nf. 07. 

antiditirrt i<’ hnnuuie* ia, lOOO. 

l*i»artMtn;H*' uf. 0t». 

bilirubin itn 100. 

biutia in. luOS. 

rab'itnn nf, 000. 

I’blnride 4>f (7.?'.), 20. 00, 00 fi 
eompt>:4it inn t»f, 2S. 

(‘onruntrutinn. 20. 
eiirlii-nida in (7.^,), 051, 

4-reatine nf, 801. 
rival ininv nf. OS, SOI. 
gnnmintrnpbin in ( 7 .^.), lOSS. 
hippnrir iU’id in, 20. 
hnrIm1m^i in, 1087. luoo. 
in Atidmnn’a tlisejnv (f/.e,), 057, 
diabrlra inapidna ( 7 .?'.), 10 , 
diabelra mellitns, 7,/*. 

Klinefellrr’a aymirnmr. 1111. 
m'phnlia (7.?’.), 75, 1 10, 
nephrnaia (7.^,), 1 10. 
pregnanry (7.e.)‘ lOS7. 

Htarvatum b/.e.), 802, 000. 
ket<»ne Imdiea in, 70 '. 
neutral 17 ketivaternidn in, 052. 
nitrngennUM rnn.'^tituentM nf, HOI, lOlS 
tenirtjgen in, 1077, 10S7. 
oxyHti'rnidH in, 051. *SVr Aiircnal 
eortieiddH. 

parathnrmnne nn. 1000. 
phuMphate nf, 28, 70, 01. 
pregnaneditd in, IO8O, lOHH. 
reaetinn nf. 00. 98. 
meala ami, 00. 

Halt InHH and, 107, 108. 

Heeretbm nf, 27. Str Kidney, 

Hpeeilie gravity, 20, 

Hugar in, Srv Ulymauria. 
mdpbur enmpnunda nf (7.1%), 800, 
temperat urt* i»f, ItlH. 
thiamine in, lOOO. 

threHhuldandm>dhreHbnldHubHtumv8, 29. 

urea nf (7.1*,). HOI. 

wrie aritl nf* H9H. 

urobilin in, 190. 

vitamin-U^ in, 1012. 

Urine, volume of, ndrcnalinn on, 728, 
antidiuretie imrmnne nn, 15, 
ealfetm^ nn, 70. 

eireulatory ehangea nn, 25 vt m/, 
diet nn, 00. 
emotion <m, 50, 
exereise on, 50, 

Iluid loHH on, 07, 
hwmorrhage on, 80. 
inijjeHting wdine on, 02. 
injecting Haline on, 50. 
in nephroHin, 1 10. 
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Urine, volume of, minimal, 30. 
pituitary on, 45 49 et seq. 
potassium chloride on, 62. 
protein intake on, 70, 115. 
regulation of, 30, 51. 
salt deprivation on, 55, 64. 
salt intake on, 54, 62. 
sleep on, 70. 
thyroid and, 51. 
urea ingestion on, 54, 69. 
water deprivation on, 54, 67. 
water drinking on, 55 et seq. 

See Kidney. 

Urobilin, 193. 

Urobilinogen, 193. 

Urogastrone, 780. 

Urticaria factitia, 110. 

Uterus, androgen on (gynaicogenic action), 
1082. 

changes during menstrual cycle (g'.v.),1069. 
during oostrous cycle, 1074. 
pregnancy {q.v.), 1098. 
control of parturition, 1091. 
in coitus, 1105. 
nerve supply, 711. 
mstrogen on, 1079, 1082. 
oxytocin on, 1080, 1091. 
progesterone on, 1080, 1091, 
puberty and, 1068. 
structure, 1069, 
suckling on, 1095, 

Utricle, 596. Sec Otolith organ. 

U-wavo, 250, 

Vagina, 1074, 1079, 1082, 1105, 

Vaso-vagal attack, 271. 

Vagus, afferents of, 387, 735, 789. 

from great veins (auricular), 272, 735. 
from lungs, 387. 

aortic fibres of, 735. See Aortic nerve, 
atropine and, 290, 720. 
cardiospasm and, 815. 
chemical transmitter of, 719, 
depressor fibres in, 735. See Aortic 
nerve. 

oiroront fibres in, 268, 712. 
escape, 270. 
ganglia of, 712. 
heart block, 270, 282. 
mechanical stimulation, 741, n. 1. 
nodal rhythm, 286. 
nucleus ambiguus, 698, 712. 
dorsal, 268, 698, 712. 

“ intercalatus,” 698, 712. 
pressor fibres in, 739. 
refiox accelerator fibres in, 272. 
relation to asthma, 409. 
breathing. 387. 
dyspnoea, 468. 

section of, 268, 386, 388, 402. 
in man, 788. 

sinus arrhythmia and, 271. 


Vagus, stimulation of central end, on 
breathing, 388. 
on circulation, 738. 
spinal cord, 765. 

of peripheral end, action on heart, 268. 
on blood pressure, 268. 
to alimentary canal, 714. 
bronchi, 409. 

coronary arteries, 237, 713 
heart, 268, 712. 
islets of Langerhans, 917. 
oesophagus, 806. 
tone, 268, 

Valency, 12. 

Van den Bergh’s reaction for bilirubin, 189. 
after removal of liver, 825. 
in jaundice, 190. 

Van Gudden’s commissure, 572. 

Vas (ductus) deferens, ligature of, 1108. 
Vasoconstrictor fibres, 303. 

Vasodilatation, 308. 
from acetylcholine, 718. 
adenylic acid, 317. 

CO 2 excess, 309. 
lack, 309. 

heat, 317, 327, 361. 
histamine, 317. 

inhibition of vasomotor centre, 311 
light, 328. 
metabolites, 317. 
skin injury, 322. 
spinal anaesthesia, 361. 
spinal section, 303. 
stimulation of aortic nerve, 311, 739 
of carotid sinus, 311, 739. 
sympathectomy, 360. 
vasodilator nerves, 308. 
in reactive hyperaemia, 329. 

Vasodilator fibres, 308. 
in chorda tympani, 20. 

dorsal nerve roots, 308, 721. 
nervi erigentes, 1104. 
sympathetic nerves, 308, 710. 
Vasomotor centre, 303. 

aortic nerve and, 311, 739. 
carotid sinus and, 311, 739. 
chemoreceptors and, 311, 746. 
destruction of, 303. 
effect of afferent impulses, 312. 
of blood supply to brain, 311. 

OOg, 309. 

higher centres, 309. 
oxygen lack, 310. 
respiratory centre on, 303, 309. 
maintenance of steady pressure, 303. 
path of fibres from, 1121. 

Vegetable diet, alkalsemia from, 398. 
Vegetable proteins, 1051. 

Vegetables, composition of, 1052. 

Veins, afferents from, 272, 735. 
nervous control of, 318. 
obstruction 0 ^ oedema from. 111. 
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Vitamin-^, sources, 1021, 1052-1054, 
10G3. 

structure, 1020. 

Vitamin-ii group, 1020, 1024. 
biotin (q.'V.), 1028 
carbohydrate absorption and, 837. 
deficiency, 1029. 
and Graves’ disease, 991. 
studies in Singapore captivity, 1031. 
in rations, 1063. 
nicotinamide {q>v.)f 1026. 
pyridoxin© {q.v.)^ 1028. 
ribortavin (q.v.), 1027. 
syntliesis in intestine, 1020. 
pantothenic acid, 1028. 
thiamine (anourin) (q.v.), 1025. 

Vitamin-/^ 2 , 1031. 

deficiency, results of, 1031, 1034. 
Vitamin-Biji, 198, 1020. 

and formate metabolism, 884. 

Vltamin-C' (ascorbic acid), 1038. 
and blood formation, 194. 
deficiency in man, 1039. 
distribution in animal tissues, 1039. 
for motlimmoglobinicmia, 454. 
in rations, 1063. 

urine, 1041. 
mode of action, 1043. 
requirements, 1042, 
relation to scurvy, 1039, 1042. 
relation to wound healing, 1041. 
sources, 1038, 1052--1054. 
structure of, 1039. 
synthesized in rat, 1020. 

Vitamin-/^ (anti-rachitic), 1008. 
chemistry, 1009. 
for parathyroid deficiency, 1006. 
mode of action of, 1011. 
relation to osteomalacia, 1012. 
to rickets, 1011. 
teeth, 1013. 
requirements, 1010. 
sources, 1009, 1052-1054, 1063. 
svnthosizod by ultra-violet rays, 1009, 
1011. 

toxic efibets of, 1012. 

Vitamin-y>a and -Dg, 1009. 

Vitamin-ii?, 1086. , . i. u • 

oilbet of lack of, muscular dystrophy m 
rat, 1087. , 

on sexual functions in rat, 1087. 
for abortion, 1087. 
myopathy, 1087. 

Vitamin-if, 151-155. 
chemistry, 151. 

clinical deficiency, 152. .... 

in hmmorrhagio states in mrants, 
153. 

liver disease, 153. 
obstructive jaundice, 162. 
ulcerative colitis, 153. 
test of liver efficiency, 831. 


Vitamins, 1019. 

in diet, 151, 1008, 1021, 1038, 1052- 
1054, 1086. 
milk, 1095. 
rations, 1063. 

Volume of blood. See Blood, volume of. 
Voluntaiy movement, 646-656. 

action potentials in muscles, 648. 
antagonists, 649. 
apraxia, 652. 

associated reactions, 643, 651. 

“ automatic,” 647. 
cerebellum and, 610. 
co-contraction of antagonist, 649. 
contraction of antagonist, 650. 
corpus striatum and, 658. 
disturbance of, 652. 
emotional movements, 663. 
eye movements, 638, 649. 

I grading of, 648. 

in chorea and athetosis, 660. 
dorsal nerve root lesions, 560. 

I tabes, 562. 

thalamic lesions, 567. 
motor cortex and, 629. 
movements of cooperation, 652. 
prefrontal area, 670. 
protagonists (prime movers), 648. 
pyramidal tracts and, 641, 663. 
reciprocal inhibition of antagonists, 
649. 

sensory cortex and, 570. 
speech [q.v.), 653. 
synergists, 651. 

Vomiting, 811. 

Vomiting centre, 697, 811., 

WaUerian degeneration, 497, 615. 
Wassermann reaction in cerebrospinal 
fluid, 131. 

Water, and biological oxidation, 840. 
body, 4. 

deprivation, 54, 66. 
drinking, diuresis from, 55 et seq. 
pituitrin and, 45. 
value after bssmorrhage, 85. 
exchanges, 2-21. 
hammer pulse, 298. 
intake, 4. 
intoxication, 58. 
loss, 4. 

in sweat, 477, 478'. 
permeability of cell membrane to, 7. 
reabsorption by renal tubules, 32. 
retention in renal disease, 75 et seq. 

See Blood volume. Tissue fluid. 
Urine. 

Water-soluble vitamins, 1019. 

Waxes, 861. 

Weigert-Pai’s stam, 498. 

Wernicke’s syndrome, 1036. 

Wheal. 324. 
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White blood corpuscles* 21 i 222. 

iiHt'orhirr ill, 1021>, HM2. 
iwln^nalino im, 2M, 72H, 
iij^ramiUx'y toniM* 221 . 

214. 

<himtion of lifo of, 21H. 
eosinophils 214. 
oxm'iHi!* on, 214. 
funotionn of* 21H, 
granulocytes* 214. 
tlovclopmonf. of. 2lo. 
funitrol of, 220, 
in aplawtic 2 IS. 

tliMoaso, 21U. 
intiint.s, 215. 
inilammation, 222. 
louviu'^V'toHiM, 210. 

protlrn’ing faoior, 221. 
l(Mioo{)<*iiia, 222. 

IiMK'opoifHm, control of* 22o 
lourotaxim*, 222. 
lymphocytes, 214. 2 is. 

ilovoiopniont of, 21 H. 
ly inphooyO wis. 2 1 0, 
monocytes* 214, 2lo. 

(hnolopniont, 210. 
inoiuniuolooHiM, 220. 

rnyoloblaMiH, 210. 
ntyolooytoH, 210. 
niHTOHiiu 222. 
nautropliilH, 214. 
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Whltfi Wood corpuscles, Hiirmal .•U»n(, 214 , 
of, 214. 

White line* oapill.iry t‘ouMfrit’tio!i ami, 321. 

ranniM roinniunirans, 707, 

Word blinOno.'iH, 055. 

Ooafnt'.MM, 05,5, 

\V<iuu<i boaliiif^. iiscorbic arid on, 1041. 
oort iaono tai, 001 ii. 1, 


Xanthino. S05. SOT, 

Xantliorliromia. 130. 

XuiiihophyU, 1022, 

XonopuH ti’si for prty,nanoy, 1000. 
.Xoropbthalnua, 1024. 

X-ray method of Mtndyinjj; iuovinni‘ntH of 
nlirnoutary i’annJ, S05, 
galbblatldor, S02. 


Vi-ast, 1030, lo:{7. 


Zoin* 1051. 

VCinrdnsuiiti, 020, 
S^am’-protutnino in'ttdin. 02*1. 
Ziina fa.sritoiiata, 044. 
glinnt*rnloN4t, 014. 
poUnoida, lOOO. 
rotirnluriM, 044, 
I^^y1nolu^tn,sl^ S4S. 



